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ABSTRACT

This document is the final report of work on the DARPA sponsored University Research
Initiative (URI) on the subject “Nanocomposites for Electronic Applications” funded under ONR
Contract No. N00014-90-J-1558. Initial funding on the contract was for a three year period from
1987-1990. This document is the final report for the two year extension period finishing on
December 31, 1991.

Work on this program and associated studies on the ONR program on “Piezoelectric and
Electrostrictive Materials for Transducer Applications” has lead to a significantly improved
understanding of the fundamental mechanisms in Relaxor Ferroelectrics. For the perovskite Lead
Magnesium Niobate which is the prototype for many other relaxor perovskites, the self limiting
nonstoichiometric ordering of Mg/Nb ions is shown to be the symmetry breaking key to the onset
of micropolar regions at the Burns temperature well above the dielectric maximum. The simple
paraelectric behavior at high temperature is shown to be modified by cooperation on cooling,
leading to a Vogel:Fulcher type condensation into a glass like state at low temperature.

Many tungsten bronze structure ferroelectrics e.g. Sryj.xBaxNb2Og also show relaxor
ferroelectric behavior, and in the lead barium niobate family of solid solutions there is a particularly
rich panoply of behaviors. Depending on composition polarization may appear along the 4 fold
axis, or along one of the orthogonal 2 fold axes of the prototypic 4/mmm prototype. In PBN a
pseudo morphotropic phase boundary (PMPB) exists near the 60:40 Pb:Ba composition. The
intriguing feature for the PBN compositions is that for the tetragonal symmetry, the permittivity
increases for directions orthogonal to the 4 fold axis and there is a second freezing (in the polar
state) near 100K. At the MPB the symmetry may be switched by electric field to that with macro-
polarization along 2 (orthorhombic) and now the second freezing takes place for polarization along
4. The low temperature freezing occurs whether the initial phase is glassy or ferroelectric and
gives rise to fascinating families of unusual dielectric, piezoelectric, elastic and optical properties.

A second important contribution on this program stemmed from the very careful preparative
studies to make ultra find powders of simple perov:kite ferroelectrics. The objective was to obtain
understanding of the intrinsic size effects which must occur in ferroelectrics due to the cooperative
nature of the phenomenon. From studies of spontaneous strain it was made clear that
ferroelectricity in BaTiO3 did not occur in powders with particular size less than 800°A whereas in
PbTiO3 ferroelectricity and spontaneous strain persists down to sizes of order 170°A.

In 0:3 type composites it is natural to have a major interest in the phenomenon of
percolation, and of the critical concentrations for this phenomenon. Practical aspects of this work
occur in the PTC polymer:carbon composites and in other systems.




Fundamental siudies on silicon, germanium and silica germania composites using
wavelength scanning ellipsometry have lead to the evolution of effective techniques for the
evaluation of inhomogeneity in highly transparent oxides, in systems with uniaxial anisotropy and
have validated spectroscopic ellipisometry as one of the most valuable nondestructive techniques
for the study of ferroelectric surfaces and thin films.
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ABSTRACT

This document is the final report of work on the DARPA sponsored University Research
Initiative (URI) on the subject “Nanocomposites for Electronic Applications” funded under ONR
Contract No. N0O0014-90-J-1558. Initial funding on the contract was for a three year period from
1987-1990. This document is the final report for the two year extension period finishing on
December 31, 1991.

Work on this program and associated studies on the ONR program on “Piezoelectric and
Electrostrictive Materials for Transducer Applications” has lead to a significantly improved
understanding of the fundamental mechanisms in Relaxor Ferroelectrics. For the perovskite Lead
Magnesium Niobate which is the prototype for many other relaxor perovskites, the self limiting
nonstoichiometric ordering of Mg/Nb ions is shown to be the symmetry breaking key to the onset
of micropolar regions at the Burns temperature well above the dielectric maximum. The simple
paraelectric behavior at high temperaturs is shown to be modified by cooperation on cooling,
leading to a Vogel:Fulcher type condensation into a glass like state at low temperature.

Many tungsten bronze structure ferroelectrics e.g. Srj.xBaxNb2Og also show relaxor
ferroelectric behavior, and in the lead barium niobate family of solid solutions there is a particularly
rich panoply of behaviors. Depending on composition polarization may appear along the 4 fold
axis, or along one of the orthogonal 2 fold axes of the prototypic 4/mmm prototype. In PBN a
pseudo morphotropic phase boundary (PMPB) exists near the 60:40 Pb:Ba composition. The
intriguing feature for the PBN compositions is that for the tetragonal symmetry, the permittivity
increases for directions orthogonal to the 4 fold axis and there is a second freezing (in the polar
state) near 100K. At rhe MPB the symmetry may be switched by electric field to that with macro-
polarization along 2 (orthorhombic) and now the second freezing takes place for polarization along
4. The low temperature freezing occurs whether the initial phase is glassy or ferroelectric and
gives rise to fascinating families of unusual dielectric, piezoelectric, elastic and optical properties.

A second important contribution on this program stemmed from the very careful preparative
studies to make ultra find powders of simple perovskite ferroelectrics. The objective was to obtain
understanding of the intrinsic size effects which must occur in ferroelectrics due to the cooperative
nature of the phenomenon. From studies of spontaneous strain it was made clear that
ferroelectricity in BaTiO3 did not occur in powders with particular size less than 800°A whereas in
PbTiO; ferroelectricity and spontaneous strain persists down to sizes of order 170°A.

In 0:3 type composites it is natural to have a major interest in the phenomenon of
percolation, and of the critical concentrations for this phenomenon. Practical aspects of this work
occur in the PTC polymer:carbon composit_s and in other systems.




Fundamental studies on silicon, germanium and silica germania composites using
wavelength scanning ellipsometry have lead to the evolution of effective techniques for the
evaluation of inhomogeneity in highly transparent oxides, in systems with uniaxial anisotrooy and
have validated spectroscopic ellipisometry as one of the .nost valuable nondestructive techniques
for the study of ferroelectric surfaces and thin films.




1.

INTRODUCTION
This document reports work on the final two years of the DARPA sponsored University

Research Initiative (UFI) on the subject of “Nanocomposites for Electronic Applications.” Initial

funding on the program was for a three year period, the new contract from ONR Contract No.

N00014-90-J-1558 carried the program for the final two years which are the subject of this report.

IL.

III.

Iv.

Work on the program has produced major progress in four topic areas.

Relaxor Ferroelectrics: Where studies have explored the phenomena associated with these
interesting high permittivity relaxation dielectrics in both perovskite and tungsten bronze
structure families. For these materials dielectric and electrostrictive studies proceeded in
parallel with similar work on our ONR Transducer program. Optical and electro-optic
studies were solely on this program.

Micro-Composites Studies: Topics of interest were the magneto-electric effects which can
be achieved through elastic mediation between strongly piezoelectric and strongly
magnetostrictive oxides and the interesting percolation problems associated with the PTC
effects in polymer:conductor 0:3 particulate composites.

Intrinsic Size Effects in Ferroelectrics: Here the effort was to complete earlier studies on
the previcus contract showing the size limitations on ferroelectricity in fine particles of
BaTiOs3 and PbTiO3 using the coupled electrostrictive distortion to monitor polarization.

Spectroscopic Ellipsometry: Early work was focused upon silica: germania systems whilst
the tools were developed to handle ellipsometric exploration of uniaxially anisotropic highly
transparent interfaces. This early work lead to the focused use of the wavelength scanning
ellipsometer to explore ferroelectric surfaces and thin films.

As is the intent of the URI programs the funding has provided the vehicle for the education

of six PhD candidates in Solid State Science and in Physics. Abstracts of these thesis researchers

are included in the appendices. The work by Dr. Ruyan Guo for the thesis which was presented in

December 1990 was recognized by the University with the Xerox Research Award, presented for

the best PhD work on Materials for 1991. More recently the studies leading up to our current

understanding of the fascinating self-assembling self-limiting character of the heterogeneity in the

perovskite relaxor ferroelectrics was recognized by the award of the MRS Medal and Award for

innovation in 1992,




In 1992, Professors Cross and Newnham were honored to present the Orton and Sosman
Lectures at the annual Meeting of the American Ceramic Society and Professor Newnham was
honored by the International Ceramics Meeting in Assissi, Italy with their prestigious award.

The following report uses the format established earlier of giving a brief narrative account
of the topics covered and appending the formal published results for more detailed reference. The
papers are assembled under five general headings:

GENERAL PAPERS.

RELAXOR FERROELECTRICS.

MICRO-COMPOSITES STUDIES.

INTRINSIC SIZE EFFECTS IN FERROELECTRICS.

SPECTROSCOPIC ELLIPSOMETRY.

2. GENERAL PAPERS

It has always been an element of the research philosophy in MRL that practical “demand
pull” should be factored into the choice of research topics in the Laboratory. The paper by Cross
on “Ferroelectric Ceramics: Tailoring Properties for Specific Applications” (Appendix 1) highlights
some of the steps towards fundamental understanding which can be useful in property control.
The sections on relaxor ferroelectrics applied to capacitor and actuator systems draws on work
sponsored on this program.

In the general paper on Electronic Ceramics by Newnham and Shrout (Appendix 2), the
focus is upon processing of electronic compositions particularly the requirements for the newer
evolving multilayer tape cast systems. The paper considers the diverse needs of high density
packaging and the drive towards incorporationg functional ceramics directly into the package.

3. RELAXOR FERROELECTRICS

Developing understanding of the key phenomena in the perovskite and tungsten bronze
structure relaxor ferroelectrics has been the driving force behind the PhD studies of Dwight
Viehland (Appendix 3), Ruyan Guo ( Appendix 4), D. A. McHenry (Appendix ) and Jayne R.
Giniewicz (Appendix 6).

Ruyan Guo’s studies were focused upon tungsten bronze structure relaxors in the lead
barium niobate solid solution family. PBN is of major interest since it has been known for some
time that the system embraces a morphotropic phase boundary near the Pbg ¢Bag 4Nb2Og
composition which separates tetragonal and orthorhombic ferroelectric variants. With good single
crystal samples Ruyan was able to demonstrate for this first time direct evidence of
ferroelectric:ferroelectric switching in this MPB system. It was intriguing to find that in both
tetragonal and rhombohedral variants, the polarizability orthogonal to the major polarization




diverges at low temperature then shows a Vogel:Fulcher type freezing. This is perhaps the first
evidence of an “orientational” glassy state in a polar domain structure. The work is summarized
effectively in Appendices 7-9.

Viehland’s work which was carried out jointly with our Transducer Program is
summarized in Appendices 10-14. Detailed study of the dielectric and elastic properties of lead
magnesium niobate carried out in association with Dr. Manfred Wuttig’s group at University of
Maryland showed up the inadequacy of the earlier super paraelectric model at lower temperatures
and the Vogel:Fulcher like freezing of the polarization fluctuations into a glass like state at lower
temperature. The large local dipole moments however allow the glassy state to be “reorganized”
into ferroelectric macrodomains under high electric field following Almeida: Thouless type behavior
as in a spin glass. Again the glassy state exhibits high local strains associated with the local
polarizations, which soften the elastic properties giving a much richer and more useful mix of
properties as compared to the magnetic spin glass systems.

Jayne Giniewicz studies concerned the order:disorder phenomenon in the lead scandium
tantalate based perovskites which gives rise to controlled relaxor behavior, and the manner in
which this is modified on solid solutions with lead titanate (Appendices 15-17).

It is interesting to note that only 7 mole% of lead titanate in solid solution will frustrate the
possibility of doing order:disorder in the system, yet some 35% is required to get to the
rhombohedral:tetragonal morphotropic phase boundary.

Optical and Electro-optic properties of relaxors which were a primary concern on this
contract are delineated in Appendices 18, 19, 20, 21. From the temperature dependence of the
refractive index it is possible to monitor the onset of RMS Polarization (The Burns Temperature)
and to show that though the electro-optic g constant are dispersive, the behavior gives a coherent
description of the fluctuating polarization levels. Just as in the electrostrictive response field
biasing gives rise to a linear electrooptic effect so that the induced R constants may be derived. In
general the polarization related linear and quadratic constants are very similar to those in other lead
containing perovskites.

Appendix 21 reports interesting data on the persistence of the optical second harmonic
generation above the accepted Curie temperature in BaTiO3. Relaxation times for the response
suggest that in Remeika BaTiO3 the phenomenon is related to defect ordering which provides a
“pseudo” bias field in the domain above T¢.

4.0 MICRO COMPOSITES STUDIES

During the contract period a number of approaches were tried to realize closely coupled
phases of BaTiO3 (piezoelectric) and CoFez04 (Magnetostrictive) so as to be able to explore
elastically coupled magneto-electricity (Appendices 22-25). Both micro 0-3/3-0 composites and




macroscopic layer structure 2:2 composites were fabricated and explored. The best macro-
composites had values of o the magneto-electric coefficient from 25 to 500 times that of single

phase Cry03. Theoretical models however suggest that even these improved materials are far from
optimum and that even higher a should be possible if processing can be improved.

Composites composed of a high conductivity ceramic or metal phase distributed in a
nonconductive matrix have many practical and theoretically interesting properties. Practical interest
in PTC thermistors is explored in Appendix 26. Percolation constraints which give the interesting
sharp resistance changes with temperature in the PTC are discussed in Appendix 27 and the
possible use in interconnect systems considered. Appendix 28 gives a more quantitative general
treatment for the resistivity:volume fraction relations in polymer:carbon black composites using a
general effective medium approach.

An alternative series, parallel connectivity approach useful for coated power filler phases is
examined in Appendix 29. For filler phases with more complex resistivity temperature
characteristics such at V203 have been shown to give the possibility of engineering composites
with conductive “windows” in the conductivity temperature curves (Appendix 30).

5.0 INTRINSIC SIZE EFFECTS IN FERROELECTRICS

The phenomena of size effects in ferroelectric crystal powders and ceramics is neatly
summarized in Appendix 31. The data from clean powders is shown to be very important
predicting size effects which strongly limit scale in BaTiO3 but are much less constraining in
PbTiO3. The consequences of these limitation are discussed for thin film ferroelectrics.

6.0 SPECTROSCOPIC ELLIPSOMETRY

The run “up to” the use of spectroscopic ellipsometry in characterizing oxide ferroelectric
surfaces and films is given in the PhD theses of Nguyen and Chindaudom (Appendices 32 and
33), and in the paper by Nguyen, Vedam and Narayan (Appendix 34).

The “payoff” for ferroelectricians is discussed in the application to PZT films on buffered
silicon (appendix 35) where the full power of the method for evaluating the inhomogeneity in the
fractal structure of the films is abundantly clear.

The importance of this understanding is clear from the remarkable changes in the dielectric
dispersion in PZT thin films which can occur due to improper control of processing parameter
(Appendix 36). An interesting application of the piezoelectric effect in PZT films to the fabrication
of mini-piezoelectric surface flexure wave motors is discussed in Appendix 37.
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FERROELECTRIC CERAMICS:
TAILORING PROPERTIES FOR SPECIFIC
APPLICATIONS

L.. Eric Cross

1 Introduction

Ferroelectric oxide ceramics are used in a very broad range of functional ceramics and form the
materials base for the majority of electronic applications. These electronic applications account for
more than 60% of the total high technology ceramics market worldwide (High Technology
Ceramic News, 1990). It is the purpose of this tutorial paper to examine the range of physical
properties which make the ferroelectrics attractive for electronic applications and the techniques
which can be used to modify. control and optimize these families of properties.

Major applications can be divided into five distinct areas which draw upon different
combinations of properties:

Dielectric applications make use of the very high dielectric permittivity &ij, low dispersion and
wide frequency range of response for compact capacitors in multilayers, thick and thin film forms
(Herbert, 1985a). Nonlinear hysteritic response is of interest also for thin film nonvolatile
semiconductor memory (Myers and Kingon, 1990), and high permittivity films are of interest for
local capacitance in high count DRAMs and both on and off chip in packaging (Tummala and
Rymaszewski, 1989).

Piezoelectric and electrostrictive responses in poled and unpoled ferroelectric and relaxor
ferroelectric compositions are of importance in Transducers (Levinson, 1988) for converting
electrical to mechanical response (Rosen, 1959) and vice versa (Herbert, 1985b). Sensor
applications make use of the very high piezoelectric constants djjk of the converse effect, which
also permit efficient conversion of electrical to mechanical response (Jaffe and Berlincourt, 1965).
For actuation the strong basic electrostrictive coupling can be exploited for very high precision
position control (Aldrich, 1980) and the possibility of phase and domain switching with shape
memory is used in polarization controlled actuation (Pan et al., 1989).

Pyroelectric systems rely upon the strong temperature sensitivity of electric polarization
(dPg/dT) (Porter, 1981), the pyroelectric effect in ferroelectrics, for the bolometric detection of




long wavelength infra red (IR) radiation (Whatmore et al., 1980). Simple point detectors are
widely used in domestic and industrial applications (Liu, 1976) and there is now a strong focus
upon imaging systems which may be used for nigh vision (Watton, 1986) and for thermal-medical
diagnostics (Kazan, 1977).

P.T.C. semiconductors are a specializcd area of application in which the barrier to charge
transport at the ceramic grain boundary in specially processed barium titanate based ceramics is
controlled by the polarization state of the ferroelectric (Daniels and Haerdtl, 1976), giving rise to
an extremely strong positive temperature coefficient of resistivity (PTCR effect) controlled by the
Curie point of the ferroelectric composition (Hanke, 1979).

In Electro-optic applications the properties of interest are the high quadratic (DiDomenico and
Wemple, 1969) and linear (Giinter, 1980) electro-optic coefficients (rijk, gijkl) which occur in
ferroelectrics and the manner in which these can be controlled in modulators (Salvo, 1971),
switches (Alfness, 1986), guided wave structures and photo-refractive devices (VanderLinde and
Glass, 1975).

In this tutorial, the dielectric, piezoelectric and electrostrictive applications will be the focus,
but the techniques examined to modify and improve properties will also be valid for many of the
other material needs.

Considering the nature of the properties to be optimized, two important features will be
stressed. Firstly the interest is in bulk, lattice properties controlled largely by the crystal structure
of the ceramic. Secondly in every case it is augmented compliance (softness) which is of interest,
in contrast often to the structural ceramics where it is stiffness which must be augmented. It
follows then that instability of the lattice will be of importance, since this engenders compliance,
and thus phase changes which are the finger prints of instability will be of major importance.
Frequently to improve properties then, we are looking to exploit and control solid state phase
transitions.

Clearly a bounding condition is that the crystal structure must permit ferroelectricity in a
useful region of temperature and pressure, and must be of a type which can be exploited in the
simple polycrystal ceramic form. In fact, all of the structures of interest are based on regular arrays
of oxygen octahedra, and the simple perovskite structure is certainly the most widely used.

2 Structure Types of Interest

The interesting oxygen octahedron structures which show strong ferroelectric properties with high
usable temperature ranges are all based upon corner linking of oxygen octahedra. The simplest
arrangement is the very well known perovskite structure Figure 2.1 where the octahedra are linked
in a regular cubic array forming the high symmetry m3m prototype for many ferrociectric forms.
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he small 6 fold coordinated site in the center of the octahedron is filled by a small highly charged
(3,45 or 6 valent) cation and the larger 12 fold coordinated ‘interstitial' site between octahedra
carries a larger mono, di or trivalent cation, or is empty as in WO3.

The perovskite structure is a common stable form for many double oxides, but ferroelectricity
was not discovered in the family until the early 1940s, when Wainer and Soloman (1942) in the
USA, Ogawa (1946) in Japan and Wul and Goldman (1945) in the USSR made almost
simultaneous discovery of ferroelectricity in barium titanate BaTiO3. The US study was part of a
‘crash’ program during World War I 1> discover a ceramic substitute for mica which was being
exhausted by rapidly vscalating military needs. It is perhaps interesting to note that BaTiO3 which
was the highlight of these early studies is still the base for the composition of most of the world’s
ceramic capacitors.

A@Borium 0@0:;@% 8@ Titanium

Figure 2.1: The unit cell for a typical cubic perovskite barium titanate in the cubic
Pm3m prototypic phase above T¢.

An interesting documentation of early work in Japan has been carried forward by Murata
Company and is now available in book form (Wakino, 1990) for those well versed in the
language. Perhaps now it may be possible to catalogue more completely the Soviet contribution to
complete the early history of the titanates. Structural information for a very broad range of
perovskiles is available in the early book by Galasso (1969) which is now being revised and
updated. Certainly the most complete trustworthy cataloguing of ferroclectric oxide perovskites is
given in the Landolt Bornstein Vol. 16a on oxide ferroelectrics (Landolt Bornstein, 1981). This
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tabulates more than 100 perovskitec compounds and innumerable solid solutions between
compounds.

Of major importance in ceramic dielectric applications are BaTiQ3 and solid solutions with
ScTi03, PbTiO3, BaZrQ3, BaSn0O3, CaTiO3....... and a range of bismuth oxide based modifiers.
In piezoelectrics the higher Curie points in the PbTi03:PbZr03 solid solutions and the unusual
ferroclectric phase makeup are vital and in both dielectric and electrostrictive application the
Pbh(B | B2)O3 mixed cation compositions are becoming of increasing interest where B | may be Fe,
Ni, Mg, Zn..... and B3, Ti, Zr, Nb, Ta, W.... etc.

O 7 ® o) o

Al site A2 site Bl site vl site C site

(any"(a21yvic1y isil} (B2)g O

Figure 2.2: Projection down the ¢(3) axis of a unit cell in the tungsten bronze
structure. Site locations are marked and the structure related formula s given. Roman

superscripts mark the coordination of the ions at each site location.

In current electronic ceramic applications only perovskile structure compositions are used,
however with increasing sophistication in ceramic processing it is probably that strongly grain
oriented structures may become practicable. The newer thin film structures also provide avenues
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for orientation using topotactic configurations on suitable substrates, so that ferroelectrics from
lower prototypic symmeltries may become of interest in ceramics.

The next most versatile structure family are the Tungsten Bronze structure ferroelectrics with
the octahedron arrangement in Figure 2.2. The rotations of the octahedra evident in the ab plane of
the structure in 2.2 reduce the point symmetry to tetragonal (4/mmm) with layers stacked in
regular sequence along the 4 fold (c) axis. The arrangement distinguishes two inequivalent 6 fold
coordinated B sites at the centers of inequivalent octahedra with 5, 4 and 3 sided tunnels for the A
site cations extending along the ¢ axis giving the structure related formula for the bronzes:

(Al (A27 (Cdy (B1) (Bdg Oso -

7 7 -

5

7 @ o O

Bl Pb Nb 0

Figure 2.3: One half of the tetragonal (4/mmm) unit cell of PbBi2Nb209. A denotes
the perovskite double layer (PbNb207)2-; B denotes a hypothetical PbNbO3; C
denotes the (Bi202)2* layers.

The bronzes are a very rich family of oxide ferroelectrics with Curie temperatures reaching up
1 560°C and more than 85 compounds in the most recent survey (Oliver et al.. 1989). Again there
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is very extensive solid solution between end members (Landolt Bomnsiein, 1981) and the open
nature of the structure as compared to the perovskite permits a very wide range of cation and anion
substitutions without loss of ferroelectricity.

The bismuth oxide layer structures for which BigTi3012 is the prototype are depicted in
Figure 2.3 and have structures based on corner linked perovskite-like sheets, separated by
bismuth oxide (Bi202)2+ layers (Cummins and Cross, 1967). Composiuons with 1, 2, 3, 4 and
5 layers are known and there is limited mutual solid solubility (Subbarao, 1962).

The lithium niobate structure is really a variant of the perovskite Figure 2.4 and a much more
restrictive arrangement, so that only LiNbO3, LiTaO3 and a very limited range of solid solutions
based on these compounds have this form.

In what follows, the discussion is centered on systems with the perovskite structure.

Figure 2.4: Structure of ferroelectric LINbO3 and LiTaO3 (40).

3 Phase Transitions in Perovskites

Three different types of phase transitions are of interest in the perovskites, starting from the
highest symmetry cubic form:
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Simple proper ferroelectric transitions leading to fully ferroelectric partially ferroelastic
species.

Antiferroelectric transitions close in free energy to the ferroelectric forms, giving rise to
interesting dielectric and to improper ferroelastic species.

Oxygen octdhedron tilting transitions which can occur independently, or in association with
either ferroelectric or antiferroelectric forms

3.1 Ferroelectric Phase Transitions

Most important for their profound influence on the dielectric polarizability and the resultant
sequence of polar variants are the simple proper ferroelectric transitions. In the symmetry
classification of Aizu (1966, 1970, 1967) and of Shuvalov (1970) the high symmetry cubic m3m
prototype can give rise to six different polar species (Table 3.1). The vector directions of
polarization which are specified with respect to elements of the prototype symmetry form the
domain states of the ferroelectric form in each case giving 6, 12, 8, 24, 24 and 48 domain
polarization directions respectively.

Table 3.1: Ferroelectric phase transitions possible from the cubic m3m prototype following the
symbolism of Shuvalov.

Phase Symmetry Polarization Components Shuvalev Species
Cubic m3m Py=P=Py=0 Prototype
Tetragonal 4mm P{#0 Pi=Pj=0 m3m(3)D4Fdmm
Ortthorthombic mm2 P{=Pj#0 P{=0 mIm(6)D2Fmin2
Rhombohedral  3m Pi=Pi=Pi=0 m3m(4)D3F3m
Monoclinic  m P{=Pi=0 P§=0 m3m(12)A4Fm
Monoclinic m Pi=P{=0 Pj=0 m3m(12)A2Fm
P{=P

Triclinic 1 Pi=Pj=Pj=0 m3m(24)A1F
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Figure 3.1: Sequence of phases which occur on cooling a BaTiO3 crystal from high
temperature. (Figure 3.1a) Unit cell dimensions and orientation of Ps vector in each
phase. (Figure 3.1b) Unit cell dimensions as a function of temperature across the three
ferroelectric phases.
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Clearly for a randomly axed polycrystalline ceramic form, the more switchable domain states,
the easier it will be to "thread" polarization through the sample. Surprisingly however, even
though permitted by symmeltry, there have been no cases reported of transitions into monoclinic or
triclinic symmetrics in the perovskites even though such states would be highly advantageous for
ceramics.

ONE TILT

Figure 3.2: Oxygen octahedral arrangements in an untilted structure a®a®a®: Oxygen
tilts in a co-tilted ¢ axis rotated structure a®aOc* and in a contra-rotated layer structure
aaOc". Notation due to Glaser.

In many instances the ferroelectric variant is not stable over the whole temperature range
below the first ferroelectric Curie point transition and the structure may go successively into lower
symmetry species. The sequence of transitions in barium titanate, which is the base composition
for most dielectric applications is shown in Figure 3.1a. Successive transitions on cooling take the
domain symmetry to tetragonal. orthorhombic and rhombohedral. A very simple Landau type
theory has been given by Devonshire (1949, 1951) which gives an elegant phenomenological
description of the phase transitions, polarization states, dielectric and elastic properties and the
shape changes depicted in Figure 3.1b.
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Complete list of possible simple tilt systems

Serial Lattice Multiple Relative pscudocubic
Mtk Svmlsed? Centrag cell cubell parameterc Space proup
J-telt systems
N a*btc* 1 2a,x2h,x 2, a,#*b,#¢, Immm (No. 71)
(&3] a*b*b* { a,¥b,=c, Inimm (No. 71)
(3 ata*a* [ ap=h,=c, Im3 (No. 204)
4H a*b*e- P a,#b,#c, Prunn (No. 59)
{5 a*ta*c” P a,=b,#¢c, Pmnmn (No. 59)
(6) a*b*b- P a,#b,=c, Puunn (No. 59)
(@] a*ta*a~ P a,=b,=c, Pmmn (No. 59)
3 a*b-c” A a,#b,#c,2#90° A2,/ml} (No. 11)
(9) ata~c~ A a,=b,#c,x#90° A2,/m11 (No. 11)
(10) a*b-b- A a,#b,=c,2£90" Pama (No. 62)*
(1 a*a~a~ A a,=b,=c,x#90° Pnma (No. 62)*
(1 a“b-¢- F a,#b, #cpx#t iy #90° FT (No. 2)
(k)] a~b-b- F a,#b,=c,x# fi# 7 #90° 12/a (No. 15)*
(B} a~a~a- F a,=b,=c,2a=f=y#90° R3c (No. 167)
2-titt systems
s a’h*tct I 2a,x2b,x%2¢, a,<b,#c, Immm (No. 71)
(16) a’b*b* { a,<b,=c, 14/m (No. 37
(1" a%b*c- B a,<b,#c, Bounb (No. 63)
s a%*tb- B a,<b,=c, Bmmb (No. 63)
a9 a% "¢ F a, <b,#c,2#90° F2imil (No. 12)
(20) a*bb- F a,<b,=c,x#90° Imem (No. 74)°
L-tilt systems
2N a®a’ct C 2a,%x 2h,xc, a,=b,<c, Cd/mmb (No. 127)
22 a®a’c~ F 20,%x2b,x 2¢, a,=b,<c, Fa/mmic (No. 140)
Zero-tilt system
(23 a’a’a® r a,xb,xc, a,=b,=c, Pm3m (No, 221)

* These space group symbols reler to axes chosen according to the matrix transformation
group

i 0 0
£
0 yy/.
Figure 3.3: Classification for zero, one, two and three tilt systems after Glaser.

3.2 Octahedra! Tilting Phase Transitions

In many perovskites, particularly those with smaller A site cations, the net of orthogonal comer
linked oxygen octahedra "crumples” at lower temperatures. The octahedra remain corner linked
and adjacent octahedra thus must contra rotate, Figure 3.2. Rotations can take place around any of
the three 4-fold axes so that formally the tilt structures may be treated phenomenologically (using
the tilt angle O as the appropriate order parameter) (Axe, 1972). Since the tilts necessarily carry
strongly coupled anti-polar oxygen displacement, effects on the polarizability of the lattice are not
strong, however the displacements are shape changing and thus give rise to improper ferroelastic
domain structures. Excellent compact classifications of the possible tilt system have been given by
Glazer (1975) (see Figure 3.3) and by Alexandrov (1976, 1978).
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Phase-transition

temperatute
Compound Formula °c
1 2 k]

Disnlacive antiferroelectrics
A. Perovskite structure

Lead zirconate PbZi0, 230, ~228
Sodium niobate NaNbO, ~480, 354, =200
Lead hafnate Pbll{O, 215, 160
Bismuth ferrite? BiFeO,  ~850,~400,~200
Silver niobate? AgNbO, 325.55%0
Lead stannate? PbSnO, ~400
Lead magnesium tungstate PbMg, W, ,0, ~38
Lead nickel tungstate PbNi, , W, ,0, 17-160
Lead cohalt tungstate PbCo, ,W,,0, ~30.-20,-206
Lead cadmium tungstate? PbCd, ,W,,,0, ~400, 100
Lead ytrerhium niobate PbYb,  Nb, ,0, ~310, ~160
Lead yvtrerbivin tantatate? PoYh, ,Ta, .0, ~290
Lead Iutecium niobate? PbLu, ;Nb, 0, ~280
Lead lutecium tantalate? Pbl.u. .72,,0y ~270
Lead indiwm niobate? Pbin, ,Nb, 40, ~90
Sodium bismuth titanate? Na,,,Bi, ,li0, 200.320.520
Lead terrouranate? PbFe, U, 30, ~-100
Lead manganese tungstate? PbMn, , W, ,0, ~150
Lead manganese tungstate? l’an”wmo’ 200, -70
Lead gallium niobate? Pb,GaNbO ~100
Lead ismuth niobate? Po,BiNbO, ~-235
Lead manganese rhoenate? foMn, ,Re, O, ~{20,~i70
Lead cohalt rhoenate? PbCo, ,Re, ,0, ~130

Figure 3.4: Antiferroelectric perovskites.
3.3 Antiferroclectric Phase Transitions

In certain perovskites the dielectric "fingerprints” in the prototypic high temperature phase suggest
increasing compliance with decreasing temperature, the signal for a lower temperature
ferroelectricity. However the phase transition is into a nonpolar form with antipolar displacements
of the normal ferroactive cations at the unit cell level. As with the polar forms, the antipolar
displacements are strongly coupled to the crystal shape so that in symmetry, the domain states are
a sub-group of the improper ferroelastics. For electrical purposes only those antiferroelectrics
which are close in free energy to alternative ferroelectric forms are of interest especially in the
special case where the energy difference can be over ridden by a realizable electric field. ’

Sodium niobate and lead zirconate are two well documented antiferroelectrics where high field
switching to the ferroelectric form has been well authenticated (Cross and Nicholson, 1955;
Fesenko et al., 1978). However the list of "card carrying” perovskite antiferroelectrics is still short
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and the subject merits additional study. It would be indeed useful to remove some of the question
marks which 'deg’ current lists of antiferroelectric compositions (Figure 3.4).

4 Engineering of Ferroelectric Phase Transitions

The extrema which occur in the dielectric, pyroelectric, elasto-electric and opto-electric properties
of ferroelectrics at temperatures close to the phase transitions take the properties into exceedingly
interesting and practically important ranges. It is thus important to explore the mechanisms which
can be used to modify and control the transition behaviour.

In the perovskite system, five types of control are important:

¢ For solid solutions, the phase transition temperatures often change continuously with
composition so that in homogeneous compositions the transitions may be placed at optimum
temperatures. Further, by controlling a deliberate heterogeneity a range of transitions can be
engendered spreading and smoothing the sharp extrema.

* In some solid solutions, ferroelectric:ferroelectric phase transitions occur at fixed compositions
and are nearly independent of temperature. These so called morphotropic phase boundaries are
extremely important in piezoelectric ceramics.

« Elastic stress can have a marked effect on the transition behaviour and the property extrema near
the transition so that self generated stresses in ceramics may be engineered to improve the
properties.

» For ceramic compositions the grain:grain boundary helerogeneity can be invoked to modify
extrema and to control the field distribution in the ceramic.

.

« Since ferroelectricity is a cooperative phenomenon the scale of the ferroelectric region is of
critical importance. Nano-scale heterogeneity can engender completely new properties and give
rise to spin glass behaviour which can be exploited in both capacitors and transducers.

4.1 Engineering Transitions for Dielectric Applications

Many practical ferroclectric capacitor dielectrics are based upon barium titanate, BaTiO3. The key
feature of any ferroelcctric is that is some accessible range of temperature and pressure it has a
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ferroelectric phase, and that in that phase a spontaneous electric polarization can be switched
between two or more equilibrium orientations by a realizable electric field.

o 2Sx
gzo-.
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5 1015

E,\\"cm

Crystal
Figure 4.1: Hysteresis in single crystal BaTiO3 selected to be without 90° domains.

As has been shown in Figure 3.1, BaTiO3 at room temperature is ferroelectric with six
alternative domain states polarized along any one of the six equivalent <100> directions of the
original cubic prototypic form.

For a 100) oriented single crystal the hysteresis loop is very square, Figure 4.1, the end states
may be shown to be single domain yielding in the most perfect crystals a vailue Pg - 26 pic/cm? at
20°C (Merz, 1953). In a polycrystaline ceramic, the domain structure is much more complex,
Figure 4.2, the hysteresis loop very rounded so that both maximum and remanent polarizations are
much lower than the single crystal values Figure 4.3 (Jaffe et al., 1971).

For the more perfect crystal which can be converted to single domain state, the paraelectric
and the single domain intrinsic polarizability can be measured, Figure 4.4, 4.5. Unlike
ferromagnets very high permittivity persists for a wide temperature range above the Curie Point T¢

following a Curie Weiss law € = .
owing r i T-o

In this case however C ~ 1.5 103°K as compared to C ~ 10-2°K in a corresponding ferro- or ferri-
magnet (Figure 4.6).
Above T¢, the cubic m3m symmetry dictates that the weak field dielectric susceptibility
(permittivity) be spherically symmetrical so the ew can be completely characterized.
£, 00
0e,0
00¢,
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S0 15
E.kV/cm

Ceramic
Figure 4.3: Dielectric hysteresis in a coarse grain BaTiO3 ceramic.

In ceramic form, the first question must be whether the grain boundary acts as a high
impedance layer strongly limiting utility as a capacitor. The cubic form above T¢ permits an
unequivocal answer. Extensive experiments on very carefully prepared BaTiO3 ceramics with
average grain size from 0.75 to 53 p meters by Yamagi et al. (1976) show no significant change
either in C or in © as compared to the crystal (Figure 4.7), confirming that ceramics can be made
with low impedance grain boundary structures

The absence of major grain boundary impedance suggests that the high permittivity near T¢
could be exploited in capacitors if T¢ could be moved near room temperature and the response
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broadened. In solid solutions, all of the phase transitions move continuously with composition as
shown in Figure 4.8 for solutions with PbTiO3, SrTiO3, BaZrO3, CaTiO13 and BaSnO3.
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Figure 4.4: Dielectric permittivity (weak field) near the Curie temperature in a single
domain BaTiO3 crystal.
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Figure 4.5: Lower temperature weak field dielectric permittivity in a single domain
BaTiOj3 crystal. Note that below 0°C the crystal breaks up into domains and below
-90°C the domain structure imparts an anisotropy which should not occur in the single

domain state.
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In both BaZrO3 and BaSnO3 systems there is an interesting "pinch off” region in the phase
diagram where for temperatures close to room temperature tetragonal, orthorhombic and
rhombohedral states are becoming of similar energy i.e., it becomes easy to thread the polarization
vector through a randomly axed ceramic.

For the diclectric response, two desirable effects are evident as for example in the Ba(T).
xZrx)O3 system. At low level additions the dielectric peak rises sharply (Figure 4.9) and with
further addition broadens markedly. Broadening may be traced to macroscopic heterogeneity in the
composition giving rise to a distribution of Curie temperatures and thus a broadened peak. This
principle is widely used in commercial dielectrics, which often use several additives to trim the
propenties. Some commercial formulations taken from the book by Herbert (1985a) are shown in
Table 4.1.

To provide capacitors with high K but greater temperature stability, two additional features
are used to control and enhance permittivity in aimost pure BaTiO3 ceramics:

I Control of the permittivity in fine grained BaTiO3 ceramic.

2 Control of the grain boundary impedance to suppress the Curie peak at Te.

Both effects are illustrated in Figure 4.10 which contrasts this behaviour vis-a-vie the Curie
point adjusted compositions.
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Figure 4.6: Contrast between the dielectric behaviour of a BaTiO3 perovskite type
ferroelectric and the magnetic behaviour of a normal soft ferrite ferrimagnet.
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Figure 4.7: Dielectric permittivity above the Curie temperature in very carefully
prepared BaTiO3 ceramics as a function of grain size. Note there is no significant
grain size dependence.
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Figure 4.8: Behaviour of the phase transitions as a function of composition in a
sequence of BaTiO3:ABO3 solids solutions.
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Figure 4.9: Permittivity temperature curves for solid solutions in the BaTiO3:BaZrO3

composition system.
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Figure 4.10: Comparison of Curie point shifted high-K dielectrics, with grain size and
grain boundary controlled "pure” BaTiO3 compositions.
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Table 4.1: Typical practical BaTiO3 based diclectric formations taken from Herbert.
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4.1.1 Grain Size Effects in BaTiO3 Ceramics

It was known {rom the early 1950s, that small additions of TiO2 together with controlled firing
could give rise to BaTiO3 ceramic capacitors with permittivity close to 3,000 over a broad
temperature range. Over time the beneficial effects were traced to a liquid phase densification
which inhibited grain growth in the ceramic and left a residual boundary phase, which reduced the
Curic peak permittivity. More recently these effects have been achieved by other means and both
effects studicd separately.

Probably the best measurements of the pure grain size effect are due to Kinoshita (1976) who
uscd hot pressing of a weakly dysprosium doped BaTiO3 to produce samples with controlled
grain size from 1.1 pm to 53 ym which showed no suppression of the Curie peak. In his samples
there is a continuous increase of weak ficld permittivity & near room temperature with reduction in
grain size to values above 5,000 at 1.1 p meter (Figure 4.11).

Concomitant with the reduction in grain size, the group at NTT also observed a reduction in
the frequency of occurrence of 90° domains with reducing grain size. Earlier, Buessem et al.
(1966) had suggested that a reduction in the twin density would give risc to internal stress of the
type depicted in Figure 4.12 which would strongly enhance the intrinsic permittivity, markedly
raising € and shifting the orthorhombic tetragonal transition to higher temperature (Figure 4.12).
Some additional support for this model come on studies of the mechanical strength in hot pressed
BaTiO3 by Pohanka et al (1976) who measured the flexural strength above and below T¢ and
noted a reduction in strength in the ferroelectric phase which could be accounted for by the internal
tensile stresses required in (the Buessem model.

It must be noted however that an alternative model for the grain size effect has been proposed
by Arlt and co workers (1985) which would require that the fine grain ceramic have a higher
density of twins and some experimental evidence is advanced for this hypothesis. The advantage
of the twin (domain) model is that is does account well for the higher tand in the fine grain system,
but it does not explain the phase transition shift. Clearly more work is needed to resolve this
important question.

One possible avenue for study would be (o suppress the 0°C transition as for example by
calcium titanate doping. For the intemal stress mode., the grain size effect should diminish rapidly
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as €3 intrinsic is lowered. For the domain wall model, the proximity of the
tetragonal:orthorhombic transition is not necessary provided the lattice strain and wall energy are
not too strongly effected.
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Figure 4.11: Dielectric permittivity of BaTiO3 as a function of grain size.

4.2 Manipulation of Grain Boundary Impedance

In BaTiQ3 ceramics, it is remarkably easy to produce "dirty” grain boundaries, and most ceramics
like the Seimens C4() material show Curie maximum suppression to greater or lesser degree, and it
is often advantageous for practical application. To demonstrate the phenomenon quantitatively,
and in the process to produce a useful high voltage dielectric, Payne and Cross (1973, 1984)
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explored fast fired BaTi03:NaNbQO3 composites. Using the fact that there is a pseudo eutectic in
the solid sofution system, it is possible to generate a rapid liquid phase densification which leaves
a thin NaNbO3 coating over the BaTiO3 grains whose thickness can be controlled by the volume
of NaNbOj3 used. Since NaNbO3 has a flat permiitlivity:temperature behaviour, it is possible to
use Curic Weiss analysis 1o derive the impedance of the boundary phase directly and 1o verify the
predictions of the simple "brick wall” model for the ceramic. The argument is presented pictorially
in figures 4.13, 4.14, 4.15, 4.16, 4.17, 4.18. A comparison of the characteristics of a 5%
NaNbO3:BaTiO3 versus a pure BaTiO3 capacitor is given in Table 4.2.
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Figure 4.12: Calculated mean permittivity as a function of combined uniaxial
compressive and orthogonal two dimensional tensile stress: the self generated stress
system expected in untwinned fine grain BaTiO3.
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Figure 4.15: Weak field dielectric permintivity of BaTiO3 as function of temperature.
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Table 4.2: Practical advantage of a BaTiO3:NaNbO3 composite dielectric for a high voltage

capacitor.
Permittivity Permittivity Aging Breakdown

Dielectric K at O Volts K at 60 KV/cm %/Decade Strength
BaTiO, 2.100 400 2.8 100 Kv/cm
BaTiO, 2,100 750 1.25 200 Kv/cm
5% NaNbO,
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Figure 4.17: Expectation for Curie Weiss behaviour in a diphasic BaTiO3 ceramic,

and confirmation of the behaviour in fast fired ceramics.
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NANOSCALE CHEMISTRY
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Figure 4.19: Nanoscale ordering in Lead Magnesium niobate compared to a
disordered PZT solid solution.

Figure 4.20: Dark field image of the chemically ordered domains in Lead Magnesium
Niobate.
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4.3 Scale Effects in Heterogeneous Ferroelectric Dielectrics

It was shown earlier in this section 4 that a measure of compositional heterogeneity is essential in
very high K dielectrics so that the dielectric extrema at the Curie temperature is spread over a
practically useful range. For most widely used BaTiO3 based formula, this heterogeneity is on a
scale comparable to the grain structure and is often induced by processing to a non equilibrium
phase distribution.

As the diclectric thickness gets smaller, particularly in ultra high capacitance density
multilayer capacitors, it becomes difficult to control macroscopic heterogeneity because of short
diffusion distances, and a finer scale composite would be desirable.

In the Pb(B1B2)03 perovskites for which PbMg]/3Nb2/303 (PMN) is a useful prototype, it
has become clear that there is a new mechanism which establishes a truly nanometer scale
heterogeneity in the composition in such materials. Extensive studies by transmission electron
microscopy have revealed that ordering takes place between Mg:Nb cations but not as might be
expected in a 2:1 ordered sheet structure as occurs in BaMg(/3Ta2/303, but on a local 1:1
ordering in an NaCl type lattice (Harmer et al., 1984; Randall, 1987).

A crude two dimensional picture is given in Figure 4.19 which compares the atomic
arrangement in PMN with that in a conventional PZT ceramic. A feature which is immediately
evident in the PMN is that the 1:1 ordering is non stoichiometric and must give rise to massive
short range chemical heterogencity. The ordered regions are highly Mg rich and must give rise to a
local charge imbalance which presumably stops the ordering process at this ~5nm scale.

The ordering which is within a coherent crystal lattice occurs in both single crystal and
ceramic samples and can be imaged using TEM (Figure 4.20) (Chen, 1991). This fossil chemistry
which is formed at very high temperature lcads to a nanoscale chemical heterogeneity which
influences the manner in which these materials exhibit ferroelectricity. This family of lead based
complex perovskites has been called relaxor ferroelectrics. The outstanding features of the
dielectric and ferroelectric response are summarized in Figure 4.21 and the most salient features
tabulated in Table 4.3. Earlier studies (Cross, 1987) based on the very small scale of the polar
regions in PMN had suggested a super paraelectric model for the high temperature behaviour and
mcasurcments on the SBN bronze had been adduced to demonstrate the mobility of the polar
phase (Asadipour, 1986). A recent natural extension has been to explore a spin glass model for the
behaviour (Vichland, 1991a).

Viehland (199 1b) has authenticated a Vogel-Fulcher model for the dielectric relaxation (Figure
4.22) which postulates local cooperation between polar micro regions leading to a freezing
temperature Tf. It was noted also, that for the field forced low temperature ferroelectric phase, the
collapse of remanent polarization leads 10 a thawing temperature in close agreement with Tf. By
looking at the manner in which different levels of DC electric field force a spin-glass to
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ferroelectric phase change Viehland (1991c) (Figure 4.23) was able to use the De Almedia-
Thouless relation (1978) to deduce a size for the uncoupled polar entities in close agreement with
the scale of the heterogeneity observed by transmission microscopy (Figure 4.24).
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Figure 4.21: Special properties of the relaxor type perovskite dielectrics.
' (a) Weak field dielectric permittivity vs. T.
(b) High field hysteritic behaviour vs. T.
(c) Low temperature X-ray spectrum showing no departure from cubic structure.
(d) Optical anisotropy in a zero field cooled single crystal of PMN.

In a number of ways, the dielectric spin glass is more complex than the magnetic because of
the strong electrostriction which couples nano scale polarization to nano scale distortion of the
lattice. Many of the expected consequences have now been explored (Figures 4.25 to 4.30). It
must be stated however that the current work has not yet proven spin glass behaviour in PMN,
however the list of confirmed glass like features is indeed impressive as tabulated in Table 4.4.
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Figure 4.22: Vogel: Fulcher type freezing of the dielectric response in PMN: 10%PT.
' (a) Dielectric response as a function of frequency and temperature.
{(b) Plot of 1/Tmax the temperature of maximum response vs. frequency. Square
dots are experimental points, line is a fit to the equation yielding pre-exponential

(c) Release of polarization on heating for a field cooled (poled) sample: the thawing
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Elastic Response
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Figure 4.30: Correlation length in single crystal PMN as a function of temperature, as
deduced from neutron scattering. Correlation length saturates near Tf at 200A. At
TBurns the length ~30-40A4 close to the uncoupled cluster size.

Table 4.3: Common featurcs in the behaviour of relaxor ferroelectric crystals and ceramics.
COMMON FEATURES

¢ Compositions: Structures.
Common in lead containing perovskite structures of
complex composilion: Prototype lead magnesium
nivbate 'DIMg3Nb23)O3.
Occurs in many lungsten bronze compositions:
Protolype strontium barium niobate
Sro.75Ba0.25Nb206.

* Dielectric Response.
1ligh dispersive peak permitlivity eg ~ 30,000.
Ferruelectric tesponse under high fields at low
lemperalures.

¢+« Composilional Heterogeneity.
Nano-scale hetetogeneily on a coherent crystal lattice.

Polarization Flucluations.

Large values of RMS polarization at temperatures
weit above that of the dielectric maximum.
Lvidence that the fluclualions are dynamical.

Lvidence from TEM.

Local compuositional (chemical) ordering,.

Local polar regions at low lemperature nano to macro
domain transitions.
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Table 4.4: Summary table of similarities between the relaxor ferroelectric PMN and the Magnetic
spin glass (Y in the table indicates [yes] that the phenomenon has been confirmed.)

FROFEATY RELAXON SPIN GLASS
Dispetsion of Susceplidiity \ Y
Dispsetsion of Tmax Y Y
Freezing Temperaiure (TN Y Y
Imaginary Comp Frequency independent beiow T1 Y Y
Stiong Noninear Response Y Y
Maximum Nonlinearitles near 11 Y Y
Frusiretion Y Y
Susceptivitly “Diffuse” Y Y
Davistions from Cutle-Welss Behavior Y Y
Analysis of Deviation for Local Order Paramater Y Y
Broadening of Relaxation Time Distibution on Cooling Y Y
Hysteresis, Irnqversibility, and Remance below Tt Y Y
Locel p of meg Y Y
Local correl bet Y Y
Long range ordeting in the Fleid Cooled Stete A 4 Y
Lack of anisotropy in the Zero Flald Cooled Siate Y Y
De-Aimedia Thouless Aneiysis Y Y
Polarization or Magnelization Viscoslly Y Y
Chemical or Struciurst inhomogeneity Y A\
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5 Multilayer Ceramic Capacitors

The major sector of the high K ceramic capacitor market addresses ultra compact high capacitance
miniature units which are required for power line stabilization in the packaging of silicon
semiconductor integrated circuits. These units are fabricated using a co-firing technology which
integrates the electrode into a monolithic multilayer ceramic. The normal construction is shown in
schematic form in Figure 5.1. The alternating electrode layers which are fired into the ceramic are
picked up on a modified silver termination which is added in a post firing operation.

For the early BaTiO3 formulations, the necessary high firing temperatures forced the use of
platinum or gold-platinum alloy electrodes which become the major cost in the unit. Over time an
essential component of the evolution has been the development of lead and bismuth oxide bascd
fluxes which permit co-firing at temperatures down to 1150°C and thus the use of less expensive
palladium-silver alloy electrodes (Hagemann et al., 1983). Basic principles of the design of the
diclectrics are essentially unchanged from before, and the effort has been to find fugitive fluxes or
fluxes which incorporate into the dielectric with minimum damage to the permittivity properties.

Alternative to the BaTiO3 based compositions, the lead based relaxor (spin glass)
compositions appear to be attracting increasing attention from the major MLC producers. A recent
survey of the patent literature, Table 5.1, highlights some of the activity. It would be nice to report
that it is the intrinsically superior dielectric properties (Figure 5.2) which are the major drawing
force, however what must be also factored in is the important fact that the lead based formulation
can be designed 1o fire at temperatures below 900°C so that with them there is the possibility of
using high 70:30 silver palladium alloy electrodes, in some cases pure silver (Table 5.2) and with
appropriate doping, base metal copper electrodes (Kato et al., 1987).

Terminations

Figure 5.1: Construction of a typical ceramic MLC.
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Table 5.1: Compositions being explored and recent patent filings for relaxor based dielectric

formulations.
Complex Simple
Perovskites *T,(C)  **Behavior Perovskles T, ('C) Behavior
[PMN] -10 Relaxor-FE PLTIO
[PZN] 140 Relaxor-FE PbZrO% ;g :’E:
[PNN] -120 Relaxor-FE Ba 130 FE
[PFN] 110 Normal-FE StT‘iOa Para
[PFW] -95 Relaxor-FE
[PMW] 38 AF
[PNW] 17 AF
* Transilion temperatures for relaxors are averages or at 1 kHz.
*+* FE - Ferroelectric, AF - Antiferroelectric, Para - Paraelectric.
{PZN]: Pb(Zny 3 Nboy3l0q (PMW]:  Pb{Mg ;W 415)03
[PNN]: Pb(Ni4 /3Ny )05 [PNW]:  PO{NI; Wy )04

Compositional Familles for Relaxor-Based MLCs

EIA Temp Manutacturer
Composition Specilication {Assignes) Patents and Rels.
PLZT-Ag X7R Sprague U.S. Pat. 4,027,209 (1973) Rel. 9
PMW-PT-ST X7R DuPont U.S. Pat. 4,048,546 (1973)
PFN-PFW Y5V NEC U.S. Pat. 4,078,938 (1978)
PFN-PFW-PZN Y5V NEC U.S. Pal. 4,236,928 (1980)
PFN-PMT TOK U.S. Pat. 4,216,103 (1980)
PMN-PT Ysv TDK U.S. Pat. 4,265,668 (1981)
PMN-PFN A\ TOK U.S. Pat. 4,216,102 (1980)
PMN-PFN-PMW YSV TOK U.S. Pal. 4,287,075 (1981)
PFW-PZ 25U TOK U.S. Pal. 4,235,635 (1980)
PFW-PT-MN 254 Hitachi U.S. Pat. 4,308,571 (1981)
PMN-PZN-PT 25U Murata U.S. Pat. 4,339,544 (1982)
PFN-PFW-PbGe (MSC) X7R Ref. 10
PFN-PFM-PNN 25U, Y5V Ferro U.S. Pat. 4,379,319 (1983)
PMW-PT-PNN 5U NEC U.S. Pal. 4,450,240 (1984) Rel. 11
PFN-BaCa(Cuw)-PFW YSV Toshiba U.S. Pat. 4,544,644 (1985) Rel. 12
PMN-PZN Z5U STL UK. Pat. 2,127,187A (1984)
PMN-PFN-PT Z5U STL U.K. Pat. 2,126,575 (1984)
PMN-PZN-PFN 25U Matsushita Japan Pat. 59-107959 (1984)
PMN-PFW.-PT Matsushita Japan Pat. 53-203759 (1984)
PNN-PFN-PFW YSV Matsushita Japan Pat. 59-111201 (1984)
PZN-PT-ST Toshiba Rel. 13
PMN-PFN-PbGe 25U Union Carbide U.S. Pat. 4,550,088 (1985)
PFN-PNN Ysv Rel. 14
PFW-PFN (MSC) NIT Rels. 15-17
PMN-PT-PNW su Matsushita Rel. 18
PMW-PT-PZ X7R NEC Ref. 19
PZN-PMN-PT-BT-ST 25U Toshiba Japan Pat. 61-155245 (1986)
PZN-PT-BT-ST X7R Toshiba Japan Pat. 61-250904 (1986)
PZN-PMN-BT YSU, Y55 Toshiba Rel. 20
PMN-PLZT 25U MMC U.S. Pat. 4,716,134 (1987)
PMN-CT, ST, BT 25U Matsushita Japan Pat. 62-115817 (1986)
PFW-PFN-PT YSV Rel. 21
BT-PMN-PZN (MSC) X7R, X7S Toshiba U.S. Pal. 4,767,732 {1988)
PMN-PS-PNW-Ca
(Base Metal) 25U Matsushita Refs. 22-23
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Figure 5.2: Comparison of dielectric saturation and RC time constant behaviour
between relaxor based and BaTiO3 based MLC dielectrics.

Table 5.2: Firing conditions for and appropriate electrodes to use with BaTiO3 and relaxor based

formulations.

Dielectric Firing Condition Electrode

HF-BT >1250 °C (air) Pb (100%)
(reducing) Ni*

MF-BT 1100-1250 °C  (air) Ag:Pd (70/30 to 30/70)
(reducing) Cu, Ni

LF-BT <1100 °C (ai) Ag:Pd (70/30)

(R&D only)

HF-Relaxor >1000 'C (air) Ag:Pd (70/30)
(reducing) Cu

LF-Relaxor <1000 °'C (air) Ag:Pd (85/15), Ag (100%)

{reducing) Cu

“The partial pressure pQO; at which Ni — Ni" occurs is such that PbO — Pbpera) results,
hence Ni-based electrodes are thermodynamically not feasible for relaxors
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6 Ferroelectric Thin Films
6.1 Introduction

Over the last four years (1987 to 1991) there has been a rapid increase in interest in ferroelectric
thin films deposited onto semiconductor substrates (or uses in nonvolatile radiation hard random
access memory. The effort which has been driven in the USA primarily by major funding from the
departiment of defense has lead to a strong revival of interest in ferroclectric switching behaviour
and the evolution of a very broad range of deposition methods for a large variety of ferroelectric
compositions. Since the summer school will have talks which focus upon the preparation methods
for films and the switching behaviour, these will only be briefly mentioned and the primary focus
will be upon those properties which are likely to make the {ilms important for more conventional
capacitors and for piezoelectric transducer and sensor applications.

6.2 Material Systems of Interest

The majority of studies are being carried forward upon randomly axed polycrystalline films so that
it is not surprising to find major interest in the perovskite structure composition. Considerable
carly work on BaTiQ3 films (Schwarz and Tourteliotie, 1969; Dudkevich et al., 1981) never
showed convincing evidence that strong ferroelectricity could be retained in sub micron thick
films, and this is perhaps not surprising in the light of the very slim loops observed even in bulk
BaTiO3 when the grain size approaches sub micron levels.

Most important steps in forward progress were the demonstrations of convincing diclectric
hysteresis by Sayer (1983) in spulter deposited PZT films and the confirmation of excellent
hysteretic behaviour in sol-gel deposited PZT films by Dey, Payne and Budd (1988).

More recently the list of compositions for which useful ferroelectric behaviour has been con-
vincingly demonstrated in thin (ilms has increased markedly. A recent survey is given in Tab. 6.1.

6.3 Preparation Techniques

The very broad range of techniques which have already been applied to the fabrication of
ferroelectric thin {ilms are summarized in Table 6.2. The majority are vapour phase methods but
sol-gel and metal organic deposition are widely uscd. Attempts are also being made to use true
metal organic chemical vapour deposition, but this approach is strongly handicapped by the low
volatility and the hazardous nature of the suitable organic vehicles for the required chemical
constituents.
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Table 6.1: Compositions which are under study as thin films.

CHOICE OIF MATERIAL SYSTEMS

Non Volatile Mcmiory

Multiaxial Ferroclectrics for Randomly Axed Films

Lcad Zirconate Titanate PZT
Lead Lanthanum Zirconate Titanate  PLZT
Lcad Titanale - PT
Lcad Lanthanum Titanate PLT
Lead Bismuth Titanate PBiT
Lead Barium Niobate PBN

Uniaxial Ferroclecetrics for Grain Oricntated/ Epitaxial

Films

Potassium Lithium Niobate KLN
Stromtiwm Barium Niobate SBN
J.ead Genmanate PG
Potassium Magnesium Fluoride KMgli

All methods currently have the common feature that they depusit an amorphous or micro
crystalline ensemble of the required chemical constituents which must be architected into the
required perovskite structure form by a subsequent heat treatment. These post deposition
annealing treatments have received a lot of attention and it is clear that they can radically change the
character of the resultant film. There appears to be a strong movement towards rapid thermal
annealing methods, but again much care is needed to optimize the conditions.

In vapour phase methods substrate heating and low energy add atom assist are being used to
imprave quality, but the need for a sub film elcctrode metal precludes the possibility of precise

epitaxy tor perovskite type films, though topatactic grain orientation is frequently obscrved.
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Table 6.2: Growth techniques for ferroelectric thin films.

Magnetron Sputicring from Oxide Targels.

Mult-magnetron Sputiering (MMS).

Multi-ion Beam Reaclive Spultering.

Elcctron-Cyclotron Resonant (ECR) Plasma
Assisted Growth.

Chcemical Vapor Deposition (Photo-Assist).

Excimer Lascr Ablation,

Sol-Gel Mcthods.

MOD Techniques.

* * % *

* * # =»

Substrate Healing.

Post Deposition Annealing.
Rapid Thermal Annealing (RTA).
Low Energy Ad Atlom Assist.

There are numerous reports that the phase makeup of PbZrO3:PbTiO3 thin films differs
markedly from bulk values, however, data from S. Dey (1991a) on carefully annealed films
(Figure 6.1) suggests that the morphotropic phase boundary separating tetragonal and
rhombohedral phases is close to that observed in the bulk composition.

6.4 Important Properties of High K Films

In PZT films at the 52/48 Zt/Ti composition weak field dielectric permittivity €w at room
temperature as measured by many investigator on films made by different techniques is of order
1,200 and independent of thickness down to 3,500A. Typical data from Dey (1991b) (Figure 6.2)
indicates the films are dispersion free to over 107 Hz. Improper thermal annealing either at too
elevated a iemperature or for too long a time (Figure 6.3) indicates that massive dispersion can be
induced at frequencies as low as 104 Hz. Under cyclic DC bias again films behave exactly as
would be expected for proper ferroelectrics (Figure 6.4)'.

That the 52/48 composition is properly ferroelectric is evident from the 60 Hz hysteresis
curve in Figure 6.5 with Py = 30 pc/em? and E¢ = 31 KV/cm. That the ferroelectric polarization
can be switched fast enough to be of interest in memory application is evident from the data taken
by Dey (Figure 6.6) which shows switching times of ~ nano seconds in a 30 | x 30 | square

capacitor.
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Figure 6.1: Structure vs. composition in well annealed PZT thin films (after Dey).
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DIELECTRIC BREAKDOWN IN
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Figure 6.8: Breakdown field EB as a function of thickness from the empirical equation
by Gerson and Marshal.

Perhaps the most starling difference from bulk PZT comes in examination of the weak field
dielectric permittivity vs. temperatures {Figure 6.7). The peak is roughly at the right temperature,
but the value is low and the peak is highly rounded. In all our own studies the best ratio
€peak/Eroom < 3:1, where in a well prepared bulk material the peak is very sharp, non dispersive
and the ratio ~ 15:1.

A significant positive aspect of film behaviour is the manner in which the dielectric strength
increases at low film thickness (Figure 6.8). Values of EB as large as 4 MV/cm are not
uncommon. It is interesting 1o note that the empirical curve predicted by Gerson and Marshall
(1959) based only on bulk measurements predicts breakdown fields for submicron thick films
ahove | MV/cm.

For simple high K applications where hysterésis would be a marked disadvantage, two
alternative lead based compositions are being explored. In the high lanthanum Lead Lanthanum
titanates Dey has explored a 28:0:100 PLT which shows good linearity (P vs. E) some dispersion
with a K ~ 1,600 at 100 Hz and 1,400 at 10 MHz. Udayakumar (1992) has explored PMN:PT
compositions which show K values up to 2,800 and only weak dispersion to 10 MHz.

Clearly there are claimant needs for very compact film capacitors in high density silicon and
ultra high speed GaAs circuits and there are many options yet to explore for high K systems.
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7 Piezoelectric Ceramics
7.1 Phenomenological and Pictorial Descriptions of Piezoelectricity in Crystals
The phenomenological master equation which describes the deformations of an insulating crystal

subject to both elastic and electric stress takes the form
xij = sijkl Xkl + dmijEm + Mmnij Em En

where
Xij are the components of clastic strain
Xij the stress components
sijki the elastic compliance tensor

Em En are components of electric field
dmij the piezoclectric tensor components
Mmnij the electrostriction tensor in field notation
and the Einstein summation conveation is assumed.
For crystals in which some components of the dmjj tensor are non zero, when
Xk1 = 0 the elastic strain is given by
xij = dmij Em a.h
which is the equation for the converse piezoclectric effect, relating induced strain directly to
the first power of the field, i.e. Xij changes sign with E,.
In the thermodynamically equivalent direct effect
Pm = dmij Xjj (7.2)
Clearly 7.1 describes the actuating function of a piezoelectric, changing shape
under electric field control. Equation 7.2 describes the sensing function, a change in polarization
under stress charges the capacitance of the sensing crystal giving a voltage proportional to the
stress applied.
If the dmij constants are zero due to symmetry as for example in a centric crystal,
the residual effect is electrostrictive and at zero stress
xij = Mmnij Em En .
Now the strain is a quadratic function of the applied stress.
The thermodynamically converse effect is now given by
Nimn = Mmnij Xij
i.e. the elastic stress dependence of the dielectric susceptibility.
Pictorially, the piezoelectric effect is illustrated by the two dimensional sketches in Figure
7.1 which models a polar crystal of the perovskite lead titanate in its single domain ferroelectric
form. To simplify the description it is assumed that the polarization resides in the Ti%+ jon as in
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BaTiO3 and the lead ion displacements are neglected. In the base state, the titanium ion is
displaced along the 3 directions a distance corresponding to the spontaneous polarization P3 and
the resulting symmetry is tctragonal 4mm.

PIEZOELECTRIC COEFFICIENTS

Eid—6
PbTIO,
Symmetry 4mmm

P 00 Tie

Figure 7.1: Two dimensional description of the origin of the piezoelectric response in
a single domain PbTiO3 crystal. (a) Situation under no field. (b) Shift of the Ti cation
away from the equilibrium position under siress t3. (c) Shift of the Ti cation back
towards the cell center under stress 1. (d) Tilting of the Ti position giving AP, under
a shear stress t;.

If a tensile stress 03 is now applied in the X3 direction(Figure 7.1b), the upper and lower
oxygen ions pull out the equatorial ions squash in forcing the Ti4+ farther away from the cell
center and gencrating an enhancement of Ps by AP. Since the displacement are very small AP a 63
and the constant of proportionality d33 is positive, i.e. a positive (lensile stress) gives a positive
change in AP.

For a transverse tensile stress o] however (Figure 7.1c) the equatorial oxygens are pulled
out, the Ti4+ brought back more towards the center of the cell, giving a negative increment AP3 so
that

AP3 =d3] 0]
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and d3] must be a negative quality.
Similarly a shear stress 65 (631) leads to a canting of the Ti4+ and a displacement
direction normal to P3 i.e. a AP so that Figure 7.1d.
AP =d|5 15
For the point group 4mm clearly the action of the 4 fold axis makes 2 equivalent to 1 so
that
d3j =d32 and  di5=d24
and the complete piezoclectric tensor takes the form

7.2 Piezoelectricity in Ceramics

In a randomly axed polycrystal ceramic, even if the grains are polar or ferroelectric as in Figure
7.2 under normal circumstance the random orientation will cancel out any anisotropy engendering
a macroscopic center of symmetry which forbids piezoelectricity. For the ferroelectric ceramic
however a new anisotropy can be induced since the domain polar vectors can be switched under
realizable field. Thus the poling operation which develops a high remanent polarization PR in the
ceramic is essential to destroy the macro center of symmetry taking the material into the texture
symmetry group eo mm.

Theoretically it is quite straightforward to derive the possible Pr which may be induced in a
ferroelectric ceramic if all domains of a given type may switch under the poling field. In a

ferroelectric with only 2 antipolar domain states, only 180" switching would be possible and
Py max=025P4. In a tetragonal ferroelectric perovskite there are 6 axial orientation for the

domains and Py ax= .83P¢ ., and for the rhombohedral case with 8 body diagonal orientations
P max=0.87P s+ Unfortunatcly the ability to pole in practical ceramics is more restricted, so
that a high count of available orientation states becomes essential. This is illustrated for BaTiO3 at
room temperature in Figure 7.3. In the single domain single crystal Pg = 26 ;1c/cm2 (Figure 7.3a).
Even in a very laige grain ceramic Py max ~ 8 pc/em2, Figure 7.3b and in a practical fine (1 u
meter grain) ceramic Py almost vanishes (Figure 7.3c).

7.3 Lead Zirconate Titanate Piezoceramics

The uniquely advantageous feature of the lead zirconate lead titanate ferroelectric phase diagram
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Figure 7.4 is the almost vertical phase boundary near the 50:50 Zt/Ti composition, the so called
morphotropic phase boundary which separates a tetragonal and a rhombohedral ferroelectric
phases. All ferroelectric:ferroelectric phase transitions are first order so that the boundary
encompasses a finite two phase region where the 6 domain states of the tetragonal variant coexist
with the 8 domain states of the rhombohedral. The advantage in terms of polability for ceramics
near this compositicn is compared (o other perovskite possibilities in Figure 7.5 showing the clear
superiorily of the PZT.

The maximum polability for compositions near the MPB is shown clearly in Figure 7.6, and
the consequent advantage in piezoelectric constants in Figure 7.7, both tzken from the book by
Jaffe Cooke and Jaffe (1971).

7.3.1 Phenomenology of Piezoclectricity in PZTs

It is clear from the earlier consideration of dielectric applications that the instability at the
paraelectric:ferroelectric phase transition contributes an intrinsic compliance in the dielectric
property which can be manipulated to great practical advantage. For BaTiO3, it is easy to trace this
enhanced compliance as excellent single crystals can be grown and by simple poling procedures
converted into single domain states. Thus the properties of a single domain can be measured at any
temperature or stress of interest and a full Landau:Ginsburg:Devonshire phenomenology
developed which will mimic the intrinsic properties of BaTiO3 domains under any set of
electric/elastic boundary conditions (Devonshire, 1954; Cross, 1956; Cross, 1967).

In the lead zirconate titanate solid solution system however, the situation is significantly more
complex. Different composition across the phase field exhibit antiferroelectric, oxygen octahedral
tilted, and simple proper ferroelectric phases. An even more important constraint is that in spite of
almost 30 years of continuous effort there are still no reputable single crystals available with
compositions near to the critical 5(/50 Zt/Ti ratio of the MPB and thus no direct measurements of
single domain properties. Only compositions close to pure PbZrO3 and pure PbTiO3 have been
grown with adequate quality and for other compositions it is necessary to use indirect methods to
deduce the th‘ennodynamic constants.

Over some 10) years the ferroelectric group at Penn State has dedicated a continuing effort to
formulating an adequate phenomenology. Faculty and students involved have included B. Gadger,
A. Amin, H. McKinstry, T. Halemane, M. Haun, G. Rossetti and L. E. Cross and their work is
documented in a sequence of papers (Amin and Cross, 1983; Halemane et al., 1985; Amin et al,,
1985; Haun et al., 1985; Haun et al., 1989a-e). The papers of Haun et al. (1985, 1989a-¢)
provide an excellent summary of the pure PZT work.
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Unpoled

Figure 7.2: Two dimension schematic of the polarization vectors in unpoled and in
poled PZT. In (a) the symmetry is occo which is centric and forbids piezoelectricity. In
(b) the symmetry is oo mm which is non centric (polar) and permits piezaelectricity.

P, /.J,C/cm2 P,,u.C/sz
251 25
20

10 15
€,kvV/cm

51015
E.kv/cm

Crystol Ceromic

(a) (b) (c)

Figure 7.3: Contrasting polarization hysteresis in (a) single crystal ; (b) ceramic
palycrystal ; (c} fine grain ceramic BaTiO3 samples.
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Figure 7.4: Phase diagram of the Lead zirconate:lead titanate solid solution system,

highlighting the important morphotropic phase boundary (MPB).

POSSIBLE ORIENTATION STATES IN PEROVSKITES

PbZrO3:PbTiOy
K33 ~0.75
Pr~ 40C/CM2

—

TETRAGONAL 4Mm (BaTiO3:CaTiO3]

w410

POLARIZATION ALONG <— K33 ~ 0.48
6 EQUIVALENT <100> Pp ~ 84LC/CM2

‘.’( ORTHORHOMBIC 2MMm [KNb032 NONbOs]

— POLARIZATION ALONG <— K33 ~ 0.65
/ 12 EQUIVALENT <110 > Pp~ ZO/J.C/CMa

RHOMBOHEDRAL 3m

- POLARIZATION ALONG
8 EQUIVALENT < 111>

Figure 7.5: Indicating from examples in different perovskite ceramic compositions the

importance of number of equivalent domain states in realizing poling and high

piezoelectric activity.
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Table 7.1: Coefficients of the PZT Energy Function

[ T

fenoctectiic dickectric stiffness at constant sticss

o, U, U, antiferroclectric diclectiic stilfness at constant stress

I, coupling between the fesroelectric and antiferroelectric pularizations

B. 0, octahedial torsion cocllictents

Y conpling between the fertoclectric polatization and tilt angle

s, clastic compliances at constant polarization

O, clectrostrictive coupling between the ferroclectric polarization and stress

7, electrostrictive coupling between the antiferroelectric polarization and stress
R, 1otostrictive coupling between the tilt angle and stress

In developing the "master equation” for the free energy in terms of the extensive variables, it is
necessary (o start with a two sub lattice model to encompass the antiferroelectric states, however,
since these are confined to compositions very close to lead zirconate it is advantageous to use
linear combination of the sub lattice polarization PA and PR in the form
P=PA+PB
p=PA-PB
Thus when PA = +PB P # 0 and represents the effective ferroelectric polarization, and when
PA =-PB p # 0 and represents the magnitude of the antipolarization in the antiferroelectric phase.
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Polanization and antipolarization have the axial componeats P1P2P3 and p1p2p3 respectively. The
oxygen octahedra have tilt angle ¢ with components about the axial direction 810203. Elastic
stress and strain are designated Xjj x{j. The full family of coupling variables are delineated in
Table 7.1 and the resuiting Equation 7.3.

AG = oy [P} + P} + P3| + a,, [Pt + P} + Pj}
+ a, [PiP + P3P} + PiPY] + [P} + P§ + F]
+ a2 [PI(P3 + F}) + P3(P} + F}) + P3(F} + P3)]
+ apy PIPIP} + oy [pt + p3 + p3} + oulpi + pi + pi)
+ oy, [pipd + pip} + PP + 0 [P + P + P
+ o [Pi(pi + p3) + P31 + P3) + P3(PT + PO
+ 013 pipip} + wu[Pipl + Pip} + Pipil
+ 2 [Pi(p} + p3) + PA(pE + p3) + P3P} + PDI
+ny [P Popip + PoPapops + PiPipapy) + B, {02 + 6% + 63)
+ By [0] + 03 + 03] + v, [Pi6} + P36} + P363]
+ 9,2 [P3(6] + 03) + P3(6F + 63) + P3(6] + 63)]
+ Y4 [P1P,6,0, + P,Py8,0, + P,P,0,8,]
=318, [X1+ X3+ X3] - $n (X Xs + XXy + XX,
~45,0X% + X3+ X3} - QulX,P} + X,P} + X4P}]
= QulX\(P} + P} + X, (P} + P}) + Xo(P} + F))]
= Qu[XiP2Py + XsPi Py + XoP\Py) — Z,,[Xip, + Xip,: + Xipy]
- Z,[X(p] + p) + Xy(p} + pD) + Xs(p] + pY)] i.3)
= Zu[Xpps + Xpus + Xepipa] = Ry, [ X168 + X067 + X,83)
= R;21X,(683 + 63) + X,(83 + 02) + X,(63 + 02)]
— R [X.0,0, + X,8,08, + X0,0,]
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7.3.2 Solutions to the Energy Function

Considering zero stress conditions the following solutions to the energy function (Equation 7.3)
are of interest in the PZT system:

Paraelectric Cubic (P¢c)

Py=P,=P,=0, py=p,=p3=0, 8 =6=0,=0 (7.4
Ferroelectric Tetragonal (Fy)
P,=P,=0, P3#0, p=p=p;=0, 06 =0=0=0 (.5)
Ferroelectric Orthorhombic (Fg)
P, =0, P =P +0, pp=p2=p3=0, 6, =90,=0,=0 (7.6)
Ferroelectric High-temperature Rhombohedral (Fgym)

P} =P, =F;+0, Pp=pP2=ps=0, 0, =6,=0=20 a.n
Ferroelectric Low-temperature Rhombohedral (Fg,; 1,)

Pp=Pi=PF,#0, p=p=p;=0, 6=6=0+0 (7.8)
Antiferroelectric Orthorhombic (A,)
Pr=P, =P =0, p =09, pi=pi+0, 8,=06=06=20 .9

All of these solutions, except for the ferroelectric orthorhombic solution, are stable in the PZT
system. The ferroelectric orthorhombic solution was also included here, because the coefficients
necessary to calculate the energy of this phase can be determined. An independent check of the
calculated coefficients can then be made by confirming that this phase is metastable across the PZT
system.

Applying these solutions to Equation 7.3 under zero stress conditions results in the following
relations for the energies of each solution

| AG =0 (7.10)
Fy AG = a,P} + ay P} + o 1% (7.11)
Fo  AG = 2a,P} + (2ay, + a)P} + 2ayy + oy3)PS (7.12)
Fpuiry AG = 3a,P} + 3a,, + ap)Py + (3ay,, + 6ayy, + a,3)P8 (7.13)
Fpan AG = 30,P} + 3(ay, + ay)P3 + (Bay,y + 60y + a,3)P%

+ 38,03 + 38,03 + 3(vn + 2vi, + vu)Pi6} (7.14)
Ao AG = 20.,p} + (20,, + oy )ps + 2oy, + 0,,2)p8 (7.15)

The spontaneous ferroelectric and antiferroelectric polarizations (P3 and p3) and tilt angle
(93) in the above equations can be found from the first partial derivative stability conditions
(dAG/aP3, dAG/dp3, and dAG/903) as shown below.




Ferroelectric Ceramics: Tailoring Properties for Specific Applications 57

Fr  8AGP, = 0 = 3a,,P} + 2a,,P} + a (7.16)
Fo  GRP, = 0 = Yay, + ay)Py + Qay + oy)P? + a 1.17)
Fagy, 30GIOPy = 0 = (ayy, + 6ayy + oys)PS
+ 2ay + a))P} + a (7.18)
Fpan 8AGHP, = 0 = (3ay,, + 6ayy; + ayn)l}
+ 2oy + @)} + a; + v,,03 (7.19)
dAG/30, = 0 = B, + 28,,0} + v,,P} (7.20)
Ao 3AGIap; = 0 = 3oy + oy,)p3 + (20, + 0)p} + o, (7.21)

The polarizations and tilt angle can be calculated by solving these quadratic equations. Equations
7.10 - 7.15 relate the energies of each solution to the coefficients of the energy function. Thus by
determining these coefficients, the energies of each phase can be calculated.

7.3.3 Spontaneous Elastic Strains
The spontaneous elastic strains xj (JAG/dXj) under zero stress conditions can be derived from

Equation 7.3 as follows:

Pc X=X T X3 =X = X=X =0 (7.22)
Fy x = x = Q,F3 =0yP}, X=xs=x=0 (7.23)
Fo x = 200Ph  x=x= (Qu + QP

Xe=QuP}, x=x=0 (7.24)
Freun %y = x5 = x3 = (Qyy + 2Q)P}, x4 = x5 = Xs = QuP} (7.25)
Faan X = x3 = xy = (@), + 203)P3 + (Ry, + 2R,;)63,

Xe = x5 = xg = QuP} + Ry 0} (71.26)
Ao X =2Zopl,  x=xy=(Zy + Zp)pi,

Xe=2Zp) X=1,=0 (7.27)

<

These spontaneous strain relations can be shown to be very important in determining the
coefficients of the energy function. Spontaneous strain data will be determined from x-ray
diffraction of PZT powders, and used with the electrostrictive constants to calculate the
spontaneous polarization, which is needed to determine coefficients of the energy function.
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7.3.4 Intrinsic Dielectric Properties
Relations for the relative dielectric stiffness xjj ( = aZAGlaPian) were derived from Equation 7.3
for the six solutions:

Pc Xit = X22 = Xy = 2800y, Xi2=Xas=xn=0 (7.28)
Fr Xn = Xn = 260y + @pPY + a,Py),

X33 = 260a, + 6ay P+ 150, P3},  Xiz=Xaa=xn =0 (7.29)
F, X = 2¢eofoy + 2012P% + (20443 + a,23)P3)s

Xz2 = X3 = 2e0{ay + (6ayy + a)P3 + (15ay, + Toy12)P3),
Xiz=Xn =0, X = deo[ay, P} + 4a,,P3) (7.30)
Frary Xui = Xz2 = Xas = 2€ofay + (6ayy + 205,)P3
+ (15a,,, + 14a,,, + a;;3)P3,
X1z = Xos = Xa = 4eo [P} + (4o + i) P (7.3D)
Friry Xn = Xa2 = X33 = 2eolay + (6, + 2a,,)P3
+ (15ay, + Moy, + a3)P3 + (v + 2v12)83],
Xiz = X3 = Xn = 4eo[02P} + (daup + @) P3 + vu8Y] (7.32)
Ao Xu = 260 [ay + 20pdl X2z = Xas = 260 [y + (g + we2)p3],
Xi2= Xan =0, Xa3 = €obaad} (7.33)

The muliiplication by permittivity of free space £( in these equations was required to convert
from absolute to relative dielectric stiffness. Equations 7.28 - 7.33 can be used to calculate the
relative dielectric stilfness for each phase based on the original cubic axes.

In the orthorhombic state the polarization can be along any of the <110> directions of the
original cubic axes. The polarization of the rhombohcdral state can be along any of the <111>
directions. By rotating these axes so that for both states the new x3 axis is along the polar
directions, diagonalized matrices will result. The new diclectric stiffness coefficients (indicated by
a prime) can be related to the old coefficients [defined by Equations 7.28 - 7.33] with the
following relations:

Foand A, X = X Xn = Xn ~ Xn
Xn=Xn+t X Xa=Xn=xu=0 (7.34)
Frun and Faqn X = Xz = Xin < Xize X3 = Xu + 2n

Xi2= X =xu =0 (7.35)
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These equations can be used to calculate the dielectric stiffness of the orthorhombic and
rhombohedral phases parallel and perpendicular to the polar axes.

The dielectric susceptibility coefficients (njj) can be determined from the reciprocal of the
dielectric stiffness matrices (Xij) using the following relation:

nij = A;fA (7.36)

where Aji and A are the cofactor and determinant of the Xij matrix. Using this relation results
in the following relations for the dielectric susceptibility coefficients (nij):

Pe M=M= =IX1 Me=Ta=n0y=0 (7.37)
Fr My =Mn = Uxn, = Vxn (7.38)
FoandA, M = U M2 = M3 = X303 — x5,

M2 =M =0, M= ~xa/(x}s — x3) (7.39)

M= Uxane M2 = Uxaae man = Uxss

M=M=y =" (7.40)
FannandFren = = nsy = (x5 — x22)/(xh = 3xnxiz + 2x32)

™z = My = M1 = (xdz — Xaa2)/ s — 3xuxiz + 2xd)

=M= Ve s = Uy (7.41)

M=Np="1y=0 (7.42)

These equations can be used to calculate the dielectric susceptibilities of each phase from the
coefficients of the energy function.

7.3.5 Piezoelectric Properiies
Relations for the piezoelectric bjj coefficients (= 82AG/8Pi8Xj) were derived from Equation 7.3

for the tetragonal and rhombohedral states as shown below:

Fr by = 20P3, by = by = 20,55,
bys = b= QuPs, by =by=b;=b=b;=0,
bay = by = byy = bas = by = b3y = byy = by = 0 (7.43)

Frpunand Froyy by = by = by = 20Py, by =bys=bys=0
hia = byy = by = byy = by, = by, = 201,Ps,
bis = by = by = bag = by = b3y = Quls, (7.44)
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Since a coupling term of type XijPiBj was not included in Equation 7.3, the bij relations
{Equation 7.44] for the high and low temperature rhombohedral phases are of the same form.
However, the spontaneous polarizations P3 are defined by different relations for the high and low

temperature rhombohedral phases, and thus different values would result for these coefficient.
The piezoelectric djj coefficients are defined by:

dij = byj Nik (7.45)

Using this rclation for the tetragonal and rhombohedral states results in the following
relations:

Fr dyy = 2eqn33001 Py, dyy = ds; = 269033Q120s,
dis=dy = enQubPs, dy=dy=d;=dy=ds=0,
dy=dp=dy=dy=dyy=dyy=dys=dsy=0

FrnandFpyn  dy = dy = dyy = 2eg(nuln + 2012010) P, (7.46)
dyy=dyy=dy = dy =dy =dy,
= 2eddnuCiz + Th2(Qu + Qu))Ps,
dyy = dys = dyg = 2601,QuPs,
dys = dig = dyy = dyg = dyy = dyg = €0y, + 1) QuiPy. (7.47)

The multiplication by the permittivity of free space g() in these three equations was required to
convert the diclectric susceptibilities from relative to absolute. Equations 7.43, 7.44, 7.45, and
7.46 can be used to calculate the piezoeleectric bjj and djj coefficients of the tetragonal and
rhombohedral phases from the coefficients of the energy function.

7.3.6 Delineation of the Phenomenological Constants
The initial basic assumption applied was that all temperature dependence was carried the lowest
order stiffness constants o] and T] which were made linear functions of temperature. The Curie
temperature Tc was taken from the phase diagram and the Curie constant C used measured values
taken from high density ceramic samples. The temperature dependence of Pg required to model the
higher order aijj. Curie was determined by assuming quadratic electrostriction and measuring the
X-ray ~pontaneous strain in carefully prepared chemically coprecipated powders. The MPB
imposes a major constraint upon the o's since it requires that near the 50/50 Zr/Ti composition the
tetragonal and rhombohedral piiascs have similar energies across a very wide temperature range.
Full details of the procedures, and of the most recent families of constants can be found in
Haur. (1989a-e). A tabulation of the room temperature values is given in Table 7.2.
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Table 7.2: Values of the coefficients used in the energy function (eq. 7.3) at 25°C, as a function of
Zr:Ti ratio.
Mole Fraction PbTiO, in PZT
0. 0.1 0.2 03 0.4 0.5 0.6 6.7 08 0.9 1.0
T (C) 2315 2565 3006 3344 3643 3926 4184 4402 4591 4771 4921
C(10°°C) 2027 2050 2083 2153 2424 4247 2664 1881 1642 1547  1.500
Q,,(102m*/c?) 4620 5080 5574 6175 7260 9660 B.116 7.887 8142 8504 8900
Q,,(102 m*c? -1.391  -1.540 -1.720 -1.997 .2.708 4600 2950 -2480 -2.446 -2507 -2.600
Q,, (102 mCcy 4664 4900 5165 5522 6293 9190 6710 6356 6417 6569 6.750
a, (107 mF) a125°C 4582 -6376 -7.470 -B.116 -7.904 -4.887 .8.340 -1247 -1484 1697 -17.05
ay, (107 m%C2F) 6235 4125 3129 2230 1362 4764 3614 06458 -3.050 -5845 -7.253
a,, (108 m%C?F) -16.71 4222 00345 1688 2391 1735 3233 5109 6320 7.063  7.500
£(108 m%/C2F) 3442 02897 9.284 1175 1126 6634 1078 1552 1805 1944 2032
@y, (107 m3C*F) 5932 5068 4288 3560 2713 1336 1.859 2348 2475 2518 2606
oy 4o (10 mUCHF) 3112 3445 1844 1527 1213 6128 8503 1025 9684 8039 6100
a5y (100 mUCHF) -104.1 -8.797 7545 7052 5690 2894 4063 -5003 -4901 -4359 -3.660
(109 m9%C*F) 84.41 13.39 [X73} 3176 2402 1.183 1.596 1.851 1.652 1256 0.7818
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Figure 7.8: Calculated Free Energy profiles for each realizable phase as a function of
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7.3.7 Intrinsic Properties of PZT
Plots of the free energy vs. compositions, using the fitted parameters are given in Figure 7.8 for
temperatures of 25°C, 75°C and 125°C. The resulting phase diagram deduced from the crossing
points of the phase stability lines for the whole composition temperature field is given in Figure
7.9 and is shown to be in good agreement with the accepted phase diagram.

Indications of the capability to delineate single domain properties are given in Figure 7.10 for
the susceptibility as a function of temperature in the PZT 60:40, and in the susceptibility as a
function of composition at room temperature, given in Figure 7.11. Examples of the full family of
elasto-dielectric properties which can be deduced are given in the original references.
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Figure 7.9: Comparison of calculated and measured phase diagram for PZT.
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Figure 7.10: Single domain dielectric susceptibility calculated for a PZT 60:40

composition.
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Figure 7.11: Dielectric susceptibility of single domain states as a function of Zr:Ti
ratio.
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Figure 7.12: Possible mechanisms which can contribute to the dielectric polarizability
in a ferroelectric PZT at the MPB composition.
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7.4 Extrinsic Contributions to Response in PZT Type Piezoceramics

Even in the best poled PZT ceramic, because of the random orientation and the internal stresses
generated by switching the large spontaneous strains during poling, the sample does not come to
an ensemble of single domain grains. Thus in considering the polarizability of the ceramic in its
ferroelectric phases, we must consider the extrinsic contributions due to changes in the polar
domain structure and phase makeup brought about by the field. The type of changes occurring
which could contribute to the polarizability are shown schematically in two dimensions in Figure

7.12.
FERROELASTIC WALL MOTION

TETRAGONAL FERROELECTRIC:  90° WALL
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1HO° waALL
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Figure 7.13: Shape changing effects of 180° pure ferroelectric and
ferroelectric:ferroelastic domain wall motion, depicted in schematic two dimensional

models.

For the piezoelectric response, only extrinsic actions which are shape changing will contribute
so that simple 180° domain wall motion does not contribute, and is in fact deleterious to piezo
response since it contributes polarization without any shape changes e.g.

x3=0Q11 P32, x] =Qj2P32 and +P3 give rise to identical strains x3 and x|
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Non 1807 wall motion, that is motion of 90" walls in the tetragonal phase, and motion of 71°
and 110° walls in the rhombohedral phases will give rise to shape change, however, the nature of
the shape change will depend on the relation betwecen ferroelectric: ferroclastic wall motion and
pure ferroelectric wall motion. From Figure 7.13, if 90" motion occurs before 180" motion the
eflfective shape change reverses sign with the ficld, if however 180" motion precedes 90° wall
motion the shapc change docs not reverse sign with the ficld and s effectively electrostrictive. A
similar situation exists for phasc boundary motion (Figurc 7.14) where again the relation to pure
ferroclectric 180" wall switching is quite critical.

It must be stressed that in all these considerations it is that component of wall motion which is
reversible with the field and which persists down to almost zero field which is of important.

PHASE BOUNDARY MOTION
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DIMENSION CHANGE NONLINEAR
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Figure 7.14: Shape changing effects of 180° pure ferroelectric domain motion and of
phase boundary motion in a PZT ferroelectric at a composition near the MPB.

7.4.1 Control of Extrinsic Contributions to Response

During the course of many years of empirical development a wide range of low level additives
(0-5 mole%) have been found to have a marked influence upon dielectric and piezoelectric
properties in PZT compositions. In general, the aliovalent oxides fall into two distinct groups.
Electron donor additions where the charge on the cation is larger than that which it replaces in the
PZT structure and electron acceptor additives where the charge on the cation is smaller than that of
the ion which it replaces (Table 7).

The donor additions enhance both dielectric and piezoelectric response at room temperature
and under high fields show symmeltrical unbiased hysteresis loops with good "squareness” and
lower coercivity (Gerson and Jaffe, 1963; Gerson, 1960). The acceptor additives in general
reduce both dielectric and piezoelectric responses, they give rise to highly asymmeltric hysteresis
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response, larger coercivity and higher electrical and mechanical Q. That the effects of the dopants
are mostly upon the extrinsic components of response is expected from their marked influence on
the hysteresis and is confirmed by the very low temperature behaviours (Figure 7.15). For the
Navy type I 10 V the compositions range from a strongly donor doping (type V) to a strongly
acceptor doping in type 111 but all are at the same Zr:Ti ratio. It may be noted that the very large
difference in weak field permittivity (¢ ~3000 — € ~750) is completely lost at liquid helium
temperature where all extrinsic contributions are frozen out, and that the data agree quite well with
the intrinsic permittivity calculated from the average of the single domain values deduced from the
thermodynamic theory for that composition and temperature.
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Figure 7.15: Common ‘dopants’ used in 'soft’ donor doped and ‘hard’ ‘acceptor’
doped PZT compositions.

In the acceptor doped compositions there are very good explanations of how the domain
structure (not the wall) is stabilized (Carl and Hardtl, 1978; Dederichs and Arlt, 1986; Pan et al.,
1989). In essence the charged acceptor associates with an oxygen vacancy to produce a slowly
mobile defect dipole. The vacancy is the only mobile defect in the perovskite at room temperature
and the defect dipole orients by vacancy migration in the dipole field associated with the domain.
Thus over time the existing domain structure (poled or unpoled) is stabilized and the walls are
"stiffened.” Bias phenomena in both poled and unpoled ceramics can be logically explained as can
some facets of the aging behaviour and the time dependence of mechanical Q.

For donor doped samples, there are only "hand waving" arguments as to how or why the
domain walls should become more mobile and indeed it is not clear whether the effects are from
domain walls, phase boundaries, or are defect induced. Much more work is needed to determine
the physics of the softening in these materials.
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For valence conpensated additions the systems studied have included:
Pb(Ni13Nb2/3)03:PbTi04:PbZ1O,

_ PbTiOy
Pb(Co13Nb23)05:PbTiO3:PbZr04
Pb(Mn;aNb33)05:PbTiO3:PbZrO;
Pb(Cu;3Nb2/3)03:PbTiO3:PbZrO; ‘
Pb(Mn,sTa33)05:PbTiO5:PbZrO;
Pb(Zny3Nby3)05:PbTiO3:PbZrO, '
Pb(NiynFe aNb 3)03:PbTiO5:PbZrO; PbZrO3 Pb(NIY3 B2/ 104
Pb(Cu,/3Nby3)05:PbTiO3
Pb(Cd;;3Nby/3)03:PbTiOs
Pb(Zn,,;Te 2)05:PbTiO; g’g
Pb(Mngel,z)03:PbTi03 60 003 Pb(NiV3 852/3 )03
Pb(Sb1/2Nb(12)03:PbTiO4:PbZO; K, °y'PbTi03:(0.95-y)PbZr0y
Pb(Sny;Nby/2)04:PbTiO;:PbZrO, 20 y-PbTiOy
Pb(Sby/;Nby/2)03:PbTiO, +(1-y) PbZrO3
Pb(Sn/2Nb12)04:PbTiOs 00 20 40 €0 .e'oy 700

Pb(Mgan|f2)()3:PbTi032PbZl()3
Pb(Mn;3Sb,/3)05:PbTiO5:PbZr0;
Pb(Li;4Nb34)0;3:PbTiO3:PbZrO;

Pb(Sb12Nby12)03:PbTiOx:PbZc0; 6000F \
Pb(Fe 28b1/2)03:PbTiO4:PbZr0, 5000} \
Pb(In/3Nb;/2)05:PbTiO3:PbZrO, o, 1009
Pb(In;;;Nb;12)03:PbZrO5:PbSn0;5:PbTiO; 3000k, ;-

Pb(Mg;12V112)03:PbTiOy:PbZrO;

(Ag112Bi1/2)Ti03:PbZrO;:PbTiO;
(Ag112Bi1/2)Zr03:PbTiO4:PbZrO;

5100 (%)

Figure 7.16: Examples of systems using a relaxor additives 1o PZT.

A favorite pastime for empirical development has been the combination of PZTs with relaxor

67

spin glass lead based compositions to produce improved "soft” high permittivity high coupling

ceramics (Figure 7.16) and a vast range of compositions has been explored. In general the effect is

t» lower Tc, raise ¢, raise ki and kp and d33. The typical ranges of advantage are given in 7.16.

Usually the compositions used follow closely along the MPB into these 3 componei.t phase

diagrams.
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7.5 Electrostrive Actuators

The poled ferroelectric domain structure of the normal piezoelectric PZT provides very useful
actuators with field induced strain of order 1 ~ 2.10°3 at field levels of 10kV/cm. For systems
which require a fiducial zero strain position however, aging and de-aging of the domain structure
under high fields lead to uncomfortable changes of the zero field dimensions which are
unacceptable in precise positioning applications.

For the clectrostrictor (Figure 7.17) useful strain levels require very high levels of induced
polarization i.e. high dielectric permittivity.

ELECTROSTRICTIVE ACTUATORS

Direct Electrical Control of shape (strain) in an Insulating solid.
Electrostriction.
X *Mijk1 EiEj

_1%)”4'"5'2

"k|=°ijk|p'p°

M values widely scattered in different insulators

Q values -much more limited range. Systematic change with
elastic behavior.

Controlling dimensions in an electrostrictive requires control

of polarization.

Figure 7.17: Actuation using the direct electrostrictive effect in a very high K

ferroelectric type perovskite.
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P(/_LC/sz)

Figure 7.18: Typical polarization:strain curves in a PMN electrostriction actuator as a
Junction of temperature.
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Figure 7.19: Contrasting the non linear but repeatable strain response in a PMN:PT
relaxor with the walk-off in zero field strain which occurs in a PZT 8 formulation.
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Figure 7.20: Quadratic electrostrictive response in a PMN:10%PT actuator

composition.
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In the relaxor ferroelectric spin glass compositions like lead magnesium niobate (PMN), at
temperatures above the freezing temperature large levels of polarization can be induced at realizable
field levels and high quadratic levels of strain are possible (Figure 7.18). Reproducibility of the
strain under cyclic E field is evident in Figure 7.19, and is compared to the "walk off” which
occurs in a PZT8 due to de-aging. Figure 7.20 shows that the strain is truly quadratic when
referenced to the polarization as would be expected in electrostrictors. It is interesting to r.ote that
the Q constants for PMN are essentially temperature independent over the range from 100 to -60°C
(Figure 7.21). An unexpected bonus in the relaxors is that the steady accretion of polarization for
temperatures below TBums leads to an expansion term of the form

Av a(Q11 +2Q12)P<11152

which tends to compensate for the normal thermal contraction. Thus over a range of
temperatures near 20°C it is possible to mate PMN:10%PT with ULE glass so that dimension can
be controlled electrically but do not drift thermally.

8 Piezoelectric Composites

Dielectric, piczoelectric and elastic properties of poled piezoelectric ceramics are tensor quantities
and for many types of application it is possible to spell out a figure of merit for the material which
often reqquires the enhancement of some of these tensor coefficients and the diminution of others.

A typical example is the requirement for sensing very weak hydrostatic pressure waves using
large area scnsors as in many Navy hydrophone needs (Figure 8.1). For hydrostatic pressure
(Figure 8.2) the stress X 11 = X22 + X33 = -p, so that the polarization change P3 is given by

P3 = d33(-p) + d31 (-p) + d31 (-p)

(d33 + 2d31)(-p)
dh(-p)
where dp, is called the hydrostatic piczoelectric charge cocfficient.

The voltage generated by the hydrophone, working into a very high impedance load will be
give by
y =493+ 2d31)
€33
and a figure of merit often used for hydrophone materials is the product dhgh
angy =933 24302
£33
For high sensitivity PZTs, there is an unfortunate near cancellation such that
d33 = -2d3}
so that dj << d33 or d3{, and PZT alone is not a good hydrophone materials.
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Figure 8.1: Examples of the need for large area hydrophone sensors in submarine
acoustics.
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Figure 8.2: Stress system seen by the transducer under hydrostatic conditions.
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In exploring composites for hydrophone applications it would be advantageous from the point
of view of density and of flexibility to combine the ceramic with a diclectric polymer. Comparing
the dielectric and elastic properties between two such phases, a fascinating juxtaposition is
evident.

Diclectricalty PZT is ultra soft (k ~ 3,000) whilst the polymer is quite stiff (k ~ 10) but in the
elastic response, just the converse is true. The polymer is ultra soft (s]1 ~ 30.10"1 IM2/N) but the
ceramic is very stiff (s]] ~ 2.10- 1 IM2/N) thus by careful control of the mode in which each phase
is self-connected in the composite one can "steer” the fluxes and fields so as to enhance wanted
coefficients and diminish unwanted coefficients so as to vastly improve the figure of merit.

Over some 12 years of intensive cffort to design elfective composites three important basic
principles have emerged.

*  Conncctivity. The mode of self interconnection of the phases controls the fluxes and fields in

e system enabling a tailoring of the tensor coefficients.

¢ Symmeciry. Both the symmeltry of the individual component phases and the macro symmetry
of their arrangement in the composite can be used for additional control.

¢ Scale. The mode of averaging for the property coefficients depends upon the scale of the
composile phases in rclation to the wavelength of excitation. Unusual resonances can occur
when A and d arc comparable.

3-3 (twoviews)

Figure 8.3: Simple ‘cubes model’ of connectivity patterns possible in a two phase
piezoelectric ceramic polymer composite.

A major aid in thinking about the design of connectivity was the simple cubes model
(Newnham et al., 1978) (Figure 8.3) and the associated notation, now internationally accepted
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which describes the dimensionality of the connectivity for active and passive phases.

An indication of the many types of connectivities which have been used at Penn State for
piczoceramic: polymer composites is shown in Figure 8.4 and a measure of th. : improvement in
hydrophone figure of merit over pure PZT for some of these systems is shown in Figure 8.6.

The special case of the 1:2:3:0 composite which uses PZT rods in a foamed polymer matrix
with transverse glass reinforcement is given in Figure 8.5.

For the 1:3 type composites a major impediment to evolution for large scale structures has
been the problem of assembly. Recently Fiber Materials of Biddelord, Maine have applied their
ultraloom technology originally evolved for thick section carbon:carbon composites to this
problem. Using the ultraloom they are able to stitch PZT posts into a template structure which
contains the transverse glass fiber reinforcement and make sections up to 4 feet in width and of
almost any length.

The FMI composites are not only interesting for very large area hydrophones, but can also be
used in an actuator mode. It is interesting to noic that with only 5 vol% PZT and a resultant
density of 2.2 gm/cm3 the transverse coupling coefficient k¢ at 0.70 is larger than that of solid
PZT (Figure 8.7).

The 1:3 type concept has also been applied to transducers for medical ultrasonics (Shaulov,
1986; Gururaja et al., 1984; Smith, 1986). Here the required frequencies are much higher
~10MHz so that the scale is very much smaller and the rod structure can be cut from solid PZT
(Figure 8.8). Beam characteristics, pulse shape and coupling factor are improved over solid PZT
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Figure 8.4: Examples of composite structures with different engineered connectivities.




Ferroelectric Ceramics: Tailoring Properties for Specific Applications

TENSOR ENGINEERING IN ACTIVE COMPOSITES

NAVY HYDROPHONE

Up to 1975 Material lead zirconate titanate piezoelectric ceramic PZT
Power figure of merit dy, g,
Product ot hydrostatic voltage x hydrostatic charge
2
(d333 * 2dy)
€33

dngh ~ 100 - 107'° M2/ Newton | <E—

PROBLEM d333 = -2dq, €44 verylarge
COMPOSITE SOLUTION

Ay, in tensor form —

TRANSVERSE REINFORCEMENT
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0 0 - Ty ___Enhonced on PZT

Polymer acts like g tent
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Figure 8.5: Figure of merit for a 1-2-3-0 transverse reinforced foamed polymer
composite vs. performance of pure PZT.
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COMPARISON OF dy,qy, OF VARIQUS COMPQOSITES
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Figure 8.6: Hydrostatic figures of merit achieved using different connectivities.
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Figure 8.8: Pie:oceramic: Polymer composites applied to electromedical transduction.

{a) The "dice and fill" method of construction.

(b) Transverse coupling k; of the composite as a function of volume fraction PZT.
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Piezoelectric Properties of Thin Films

In a perovskite structure ferrociectric in its tetragonal ferroclectric phase, symmetry 4mm, the non
zero intrinsic piezoelectric constants of the single domain are:

d3} = d32 = 2QI2P3e33
d33 = 2Q11P3€33
dis = d24 = Q33P3el|
where the Qij are the non zero electrostriction constants
P3 is the spontancous clectric polarization.
£ij the components of the dielectric tensor.

For a bulk ceramic poled into conical symmetry (Curie group .= mm) we expect similar

relations except that now the Q ij are orientation averages, the P3 is now Py and £33 is to e

measurcd along the poling direction.

In the thin film it is probable that the Q constants are not significantly changed so that if we

can achieve high values of P and of £33 we might expect strong piezoelectricity. Initial

measurcments of the change of film thickness under field, using the Penn State MRL optical
ultradilatometer (Zhang et al., 1988: Pan and Cross, 1989) show a clear piezoelectric effect

(Figure 9.1). Measuring the slope of a scquence of strain: field curves like Figure 9.1 at different

DC bias levels a maximum

d33 =217 pC/N (is recorded in Figure 9.2).

For an undoped PZT of a similar 52/48 Zr:Ti composition

d33 =223 pC/N.

To measure d3}, since the film is firnly bonded to a platinum film on the silicon substrate, it
was necessary (o use a monomorph bending mode excited in a thin silicon strip. Again the
mecasured deflections yield a value for

di) = -88.7 pC/N (Figure 9.3).
close to the value
d3| = -93.5 pC/N

quoted for the 52:48 Zr:Ti undoped composition.
Taking values for the elastic constants s 1E, 5335. s12E similar 1o the bulk ceramic it is

then possible to derive the piczoelectric coupling coefficients

K33 = 0.49
Kyg = 022

As a preliminary exercise to explore the uiility of the high piezoelectric constants and strong
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electromechanical coupling for PZT films on silicon we have cooperated with MIT and Lincoln
Labs to demonstrate a piezoelectric flexure wave micro-motor.

The concept is shown schematically in Figure 9.4. The silicon wafer is coated with a thick (2
} meters) silicon oxynitride film, then etched from the back side to define a window 2.5 mm
square. Titanium bonded platinum electrode is deposited upon the upper surface and a 4,500 A
52:48 PZT sol gel film is spun on and processed on the vpper surface.
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Figure 9.1: Thickness strain x3 measured as a function of applied DC field
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Figure 9.2: Piezoelectric constant d33 as deduced from a sequence of strain:field
curves such as 9.1 under different static bias field levels.
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Figure 9.3: Strain measured from the flexure of a PZT 52/48 thin film monomorph on
a silicon substrate.
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Figure 9.4: Schematic drawings of the electrode pattern for a PZT thin film mic.o-
motor using a rotating flexure wave generated in a PZT film on a silicon oxynitride
diaphragm. The rotating wave has been demonstrated to rotate a small (0.8 mm) glass
lens at ~120 rpm.
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The upper electrode pattern 1 mm in diameter is plated onto the upper surface of the PZT
using a photo-resist technique.

To examine the surface flexure wave generated by sine:cosine fields applied to the electrodes
a 0.8 mm diameter glass lens was centered on the electrode pattern. With a field of 2 volts applied
it was possible to generate stable rotation of the lens at a speed ~ 120 rpm. The experiment was in
the nature of a proof of concept, and the system is now being redesigned to better locate the
pattern and to improve the electrode geometry and dielectric perfection.

From observation of the acceleration of the glass lens on switching on the fields, we project
that torques of the order 10-9 Newton meters are realized even with this very primitive design.
Such torques would not be unrealistic, given the high energy density and the strong coupling
coefficient of the ferroelectric film.
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ADSORPTIVE SEPARATION. See ADSORPTION; ADSORPTION, GAS
SEPARATION; ADSORPTION, LIQUID SEPARATION.

ADVANCED CERAMICS

Electronic ceramics, 601
Structural ceramics, 620

ELECTRONIC CERAMICS

Electronic ceramics is a generic term describing a class of inorganic, nonmetallic
materials utilized in the electronics industry. Although the term electronic ce-
ramics, or electroceramics, includes amorphous glasses and single crystals, it
generally pertains to polycrystalline inorganic solids comprised of randomly
oriented crystallites (grains) intimately bonded together. This random orienta-
tion of small, micrometer-size crystals results in an isotropic ceramic possessing
equivalent properties in all directions. The isotropic character can be modified
during the sintering operation at high temperatures or upon cooling to room
temperature by processing techniques such as hot pressing or poling in an electric
or magnetic field (see CERAMICS AS ELECTRICAL MATERIALS).

The properties of electroceramics are related to their ceramic microstruc-
ture, ie, the grain size and shape, grain—-grain orientation, and grain boundaries,
as well as to the crystal structure, domain configuration, and electronic and
defect structures. Electronic ceramics are often combined with metals and poly-
mers to meet the requirements of a broad spectrum of high technology applica-
tions, computers, telecommunications, sensors (qv), and actuators. Roughly
speaking, the multibillion dollar electronic ceramics market can be divided into
six equal parts as shown in Figure 1. In addition to SiOy-based optical fibers and

Fig. 1. Electronic ceramics market (1).
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displays, electronic ceramics encompass a wide range of materials and crystal
structure families (see Table 1) used as insulators, capacitors, piezoelectrics (qv),
magnetics, semiconductor sensors, conductors, and the recently discovered high
temperature superconductors. The broad scope and importance of the electronic
ceramics industry is exemplified in Figure 2, which schematically displays electro-
ceramic components utilized in the automotive industry. Currently, the growth of
the electronic ceramic industry is driven by the need for large-scale integrated
circuitry giving rise to new developments in materials and processes. The devel-
opment of multilayer packages for the microelectronics industry, composed of
multifunctional three-dimensional ceramic arrays called monolithic ceramics
(MMQC), continues the miniaturization process begun several decades ago to
provide a new generation of robust, inexpensive products.
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Fig. 2. FElectronic ceramics for automotive applications. Courtesy of Nippon
Denso, Inc.

Structure—Properly Relations

An overview of the atomistic and electronic phenomena utilized in electroceramic
technology is given in Figure 3. More detailed discussions of compositional
families and structure-property relationships can be found in other articles. (See,
for example, FERROELECTRICS, MAGNETIC MATERIALS, and SUPERCONDUCTING MA-
TERIALS.)

Multilayer capacitors, piezoelectric transducers, and positive temperature
coefficient (PTC) thermistors make use of the ferroelectric properties of barium
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Fig. 3. An overview of atomistic mechanisms involved in electroceramic compo-
nents and the corresponding uses: (a) ferroelectric domains: capacitors and piezoelectrics,
PTC thermistors: (b) electronic conduction: NTC thermistor; (¢) insulators and substrates:
(d) surface conduction: humidity sensors; (e) ferrimagnetic domains: ferrite hard and soft
magnets, magnetic tape: (f) metal-semiconductor transition: critical temperature NTC
thermistor: (g) ionic conduction: gas sensors and batteries; and (h) grain boundary phe-
nomena: varistors, boundary layer capacitors, PTC thermistors.

titanate (IV) {12047-27-7], BaTiO,, and lead zirconate titanate [12626-81-2]. On
cooling from high temperature, these ceramics undergo phase transformations to
polar structures having complex domain patterns. Large peaks in the dielectric
constant accompany the phase transitions where the electric dipole moments are
especially responsive to electric fields. As a result, modified compositions of bar-
tum titanate (qv), BaTiO;, are widely used in the multilayer capacitor industry
and most piezoelectric transducers are made from lead zirconate titanate,
PbZr, _ Ti,O;. (PZT) ceramics. Applying a large dc field (poling) aligns the do-
mains and makes the ceramic piezoelectric. The designation PZT is a registered
trademark of Vernitron, Inc.

Similar domain phenomena are observed in ferrimagnetic oxide ceramics
such as manganese ferrite [12063-10-4], MnFe,0,, and BaFe,,0,,, but the under-
lying mechanism is different. The unpaired spins of Fe®* and Mn?* ions give rise
to magnetic dipole moments which interact via neighboring oxygen ions through
a super-exchange mechanism. The magnetic dipoles are randomly oriented in the
high temperature paramagnetic state, but on cooling through the Curie tempera-
ture, T, align to form magnetic domains within the ceramic grains. The peak in
the magnetic permeability at T is analogous to the peak in the dielectric
constant of ferroelectric ceramics. Domain walls move easily in soft ferrites (qv)
like MnFe;0, and y-Fe,04, which are used in transformers and magnetic tape. In
barium ferrite [11138-11-7], the spins are firmly locked to the hexagonal axis,
making it useful as a permanent magnet.
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Several kinds of conduction mechanisms are operative in ceramic thermis-
tors, resistors, varistors, and chemical sensors. Negative temperature coefficient
(NTC) thermistors make use of the semiconducting properties of heavily doped
transition metal oxides such as n-type Fe,_,Ti,03 and p-type Ni,_,L1,0. Thick
film resistors are also made from transition-metal oxide solid solutions. Glass-
bonded Biy_,,Pby, Ru,0;_, having the pyrochlore [12174-36-6] structure is typi-
cal.

Phase transitions are involved in critical temperature thermistors. Vana-
dium , VO,, and vanadium trioxide [1314-34-7}, V,03, have semiconductor-metal
transitions in which the conductivity decreases by several orders of magnitude on
cooling. Electronic phase transitions are also observed in superconducting ce-
ramics like YBa,Cuy0,_,, but here the conductivity increases sharply on cooling
through the phase transition.

lonic conductivity is used in oxygen sensors and in batteries (qv). Stabilized
zirconia, Zr,_,Ca,0,_,, has a very large number of oxygen vacancies and very
high 0%~ conductivity. g-Alumina [12005-48-0), NaAl,,0,,, is an excellent cation
conductor because of the high mobility of Na* ions. Ceramics of f-alumina are
used as the electrolyte in sodium-sulfur batteries.

Surface conduction is monitored in most humidity sensors through the use
of porous ceramics of MgCr,0,~TiO, that adsorb water molecules which then
dissociate and lower the electrical resistivity.

Grain boundary phenomena are involved in varistors, boundary layer capac-
itors, and PTC thermistors. The formation of thin insulating layers between
conducting grains is crucial to the operation of all three components. The
reversible electric breakdown in varistors has been traced to quantum mechani-
cal tunneling through the thin insulating barriers. In a BaTiO;-PTC thermistor,
the electric polarization associated with the ferroelectric phase transition neu-
tralizes the insulating barrieérs, causing the ceramic to lose much of its resistance
below T¢. Boundary layer capacitors have somewhat thicker barriers which
cannot be surmounted, and hence the ceramic remains an insulator. However, the
movement of charges within the conducting ceramic grains raises the dielectric
constant and increases the capacitance.

Lastly, the importance of electroceramic substrates and insulators should
not be overlooked. Here one strives to raise the breakdown strength by eliminat-
ing the interesting conduction mechanisms just described. Spark plugs, high
voltage insulators, and electronic substrates and packages are made from ce-
ramics like alumina, mullite {55964-99-3], and porcelain [1332-58-7].

Electroceramic Processing

Fabrication technologies for all electronic ceramic materials have the same basic
process steps, regardless of the application: powder preparation, powder process-
ing, green forming, and densification.

Powder Preparation. The goal in powder preparation is to achieve a
ceramic powder which yields a product satisfying specified performance stan-
dards. Examples of the most important powder preparation methods for electronic
ceramics include mixing/calcination, coprecipitation from solvents, hydro-
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thermal processing, and metal organic decomposition. The trend in powder syn-
thesis is toward powders having particle sizes less than 1 ym and little or no hard
agglomerates for enhanced reactivity and uniformity. Examples of the four basic
methods are presented in Table 2 for the preparation of BaTi0; powder. Reviews
of these synthesis techniques can be found in the literature (2,5).

The mixing of components followed by calcination to the desired phase(s)
and then milling is the most widely used powder preparation method (2). Mixing/
calcination is straightforward, and in general, the most cost effective use of
capital equipment. However, the high temperature calcination produces an ag-
glomerated powder which requires milling. Contamination from grinding media
and mill lining in the milling step can create defects in the manufactured product
in the form of poorly sintered inclusions or undesirable compositional modifica-
tion. Furthermore, it is difficult to achieve the desired homogeneity, stoichiome-
try. and phases for ceramics of complex composition.

Coprecipitation is a chemical technique in which compounds are precipi-
tated from a precursor solution by the addition of a precipitating agent, for
example, a hydroxide (5). The metal salt is then calcined to the desired phase. The
advantage of this technigue over mixing/calcination techniques is that more
intimate mixing of the desired elements is easily achieved, thus allowing lower
calcination temperatures. Limitations are that the calcination step may once
again result in agglomeration of fine powder and the need for milling. An addi-
tional problem is that the ions used to provide the soluble salts (cg, chloride from
metal chlorides) may linger in the powder after calcination, affecting the proper-
ties in the sintered material.

Hydrothermal processing uses hot (above 100°C) water under pressure to
produce crystalline oxides (6). This technique has been widely used in the forma-
tion process of Al,0, (Bayer Process), but not yet for other electronic powders.
The situation is expected to change, however. The major advantage of the
hydrothermal technique is that crystalline powders of the desired stoichiometry
and phases can be prepared at temperatures significantly below those required for
calcination. Another advantage is that the solution phase can be used to keep the
particles separated and thus minimize agglomeration. The major limitation of
hydrothermal processing is the need for the feedstocks to react in a closed system
to maintain pressure and prevent boiling of the solution.

Metal organic decomposition (MOD) is a synthesis technique in which
metal-containing organic chemicals react with water in a nonaqueous solvent to
produce a metal hydroxide or hydrous oxide, or in special cases, an anhydrous
metal oxide (7). MOD techniques can also be used to prepare nonoxide powders
(8.9). Powders may require calcination to obtain the desired phase. A major
advantage of the MOD method is the control over purity and stoichiometry that
can be achieved. Two limitations are atmosphere control (if required) and expense
of the chemicals. However, the cost of metal organic chemicals is decreasing with
greater use of MOD techniques.

Powder Processing. A basic guideline of powder manufacturing is to do
as little processing as possible to achieve the targeted performance standards (see
POWDERS, HANDLING). Ceramic powder fabrication is an iterative process during
which undesirable contaminants and defects can enter into the material at any
stage. Therefore, it is best to keep the powder processing scheme as simple as
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possible to maintain flexibility. Uncontrollable factors such as changes in the
characteristics of as-received powders must be accommodated in the processing
from batch to batch of material. Keeping the processing simple is not always
possible: the more complex the material system, the more complex the processing
requirements.

A fundamental requirement in powder processing is characterization of the
as-received powders (10-12). Many powder suppliers provide information on tap
and pour densities, particle size distributions, specific surface areas, and chemical
analyses. Characterization data provided by suppliers should be checked and
further augmented where possible with in-house characterization. Uniaxial char-
acterization compaction behavior, in particular, is easily measured and provides
data on the nature of the agglomerates in a powder (13,14).

Milling is required for most powders, either to reduce particle size or to aid
in the mixing of component powders (15). Commonly employed types of commi-
nution include ball milling, and vibratory, attrition, and jet milling, each pos-
sessing advantages and limitations for a particular application. For example, ball
milling is well-suited to powder mixing but is rather inefficient for comminution.

Green Forming. Green forming is one of the most critical steps in the
fabrication of electronic ceramics. The choice of green forming technique depends
on the ultimate geometry required for a specific application. There are many
different ways to form green ceramics, several of which are summarized in Table
3. Multilayer capacitors require preparation and stacking of two-dimensional
ceramic sheets to obtain a large capacitance in a small volume. Techniques used
to prepare two-dimensional sheets of green ceramic, including tape casting,
(16-22) are discussed later under processing of multilayer ceramics. Manufactur-
ing methods for ceramic capacitors have been reviewed (23).

Table 3. Green Forming Procedures for Electronic Ceramics

Green forming

method Geometries Applications
uniaxial pressing disks, toroids, plates disk capacitors, piezo transducers,
. magnets
cold isostatic complex and simple spark plugs, ZrO,-03 sensors
pressing

colloidal casting complex shapes crucibles, porcelain insulators

extrusion thin sheets (>80 um), substrates, thermocouple insulator,
rods, tubes, honeycomb catalytic converters, PTC
substrates thermistor heaters

injection molding small complex shapes Zr04-0; sensors
(<1.0 cm)

Uniaxial pressing is the method most widely used to impart shape to ceramic
powders (24). Binders, lubricants, and other additives are often incorporated into
ceramic powders prior to pressing to provide strength and assist in particle
compaction (25). Simple geometries such as rectangular substrates for integrated
circuit (IC) packages can be made by uniaxial pressing (see INTEGRATED CIR-
CUITS).
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More complex shapes can be made by cold isostatic pressing (CIP). CIP uses
deformable rubber molds of the required shape to contain the powder. The appli-
cation of isostatic pressure to the mold suspended in a pressure transfer media,
such as oil, compacts the powder. CIP is not as easily automated as uniaxial
pressing, but has found wide application in the preparation of more complex
shapes such as spark plug insulators (26).

Slip or colloidal casting has been used to make complex shapes in the
whiteware industry for many years (24). Other work has shown that colloidal
casting can be used to produce electronic ceramic materials having outstanding
strength because hard agglomerates can be eliminated in the suspension process-
ing (27-29). Colloidal casting uses a porous mold in which the fine particles in a
colloidal suspension accumulate because of capillary forces at the wall surface of
the mold. Relatively dense packing of the particles, to approximately 60% of
theoretical density, can be achieved. More importantly, hard aggregates can be
eliminated from the colloid by suitable powder selection and processing. Drying
of the resulting material may not be trivial and sections greater than about
~1.25 cm thick are sometimes difficult to obtain.

In addition to being the preferred forming technique for ceramic rods and
tubes, extrusion processes are used to fabricate the thick green sheets used in
many electronic components (24,30,31). The smallest thickness for green sheets
prepared by extrusion techniques is about 80 pm. Organic additives similar to
those used in tape casting are employed to form a high viscosity plastic mass that
retains its shape when extruded. The extrusion apparatus, schematically shown
in Figure 4, consists of a hopper for introduction of the plasticized mass, a de-
airing chamber, and either a screw-type or plunger-type transport barrel in which
the pressure is generated for passage of the plastic mass through a die of the
desired geometry. The plastic mass is extruded onto a carrier belt and passed
through dryers to relax the plastic strain remaining after extrusion. The green
sheet can be stamped or machine diced to form disks, wafers, or other platelike
shapes.

Hopper

Screw ~ type iransport

oo . Oie
escse @ o filO

A X E XL N]
. L

Extrusion chomber

Fig. 4. Schematic of extrusion type apparatus for green sheet fabrication.
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Injection molding is particularly suited to mass production of small complex
shapes with relatively small (<1.0 cm) cross sections (32-34). Powders are mixed
using thermoplastic polymers and other organic additives. A molten mass com-
posed of the ceramic and a thermoplastic binder system are injected via a heated
extruder into a cooled mold of desired shape. The organic is burned out and the
ceramic consolidated. Machining fragments from the green ceramic can be recy-
cled because the thermoplastic polymers can be reversibly heated. Molds can be
relatively expensive so injection molding is best suited to the preparation of a
large number of single parts. Because of the high organic content required,
organic removal is not trivial. Green sections greater than 1.0 cm thick require
slow heating rates during burnout to avoid bloating and delamination of the
green ceramic.

Densification. Densification generally requires high temperatures to elim-
inate the porosity in green ceramics. Techniques include pressureless sintering,
hot-pressing, and hot isostatic pressing (HIP). Pressureless sintering is the most
widely used because of ease of operation and economics. Hot-pressing is limited to
relatively simple shapes whereas more complex shapes can be consolidated using
HIP (35). Sintering is used for most oxide electronic ceramics. Hot-pressing and
HIP, which employ pressure and high temperatures, are used to consolidate
ceramics in which dislocation motion (leading to pore elimination) is sluggish.
Both techniques are particularly useful for nonoxide materials such as silicon
nitride [12033-89-5] and silicon carbide [409-21-2) (35,36) (see CARBIDES; NITRIDES).

Special precautions are often used in the sintering of electronic ceramics.
Heating rates and hold times at maximum temperature are critical to microstruc-
tural development and grain size control. Sintering cycles may include intermedi-
ate temperature annealing or controlled cooling to relieve residual strains or
avoid deleterious phase transformations. Atmosphere control may be important
to prevent loss of volatile components or avoid reduction reactions. In continuous
production, sequential burnout (organics) and sintering may take place in the
same furnace, requiring complex temperature cycles even for relatively simple
devices. Complex devices such as thick film circuits and monolithic multi-
component ceramics may require many sequential fabrication and sintering steps.

Processing of Multilayer Ceramics

Rapid advances in integrated circuit technology have led to improved processing
and manufacturing of multilayer ceramics (MLC) especially for capacitors and
microelectronic packages. The increased reliability has been the result of an
enormous amount of research aimed at understanding the various microstruc-
tural-property relationships invoived in the overall MLC manufacturing process.
This includes powder processing, thin sheet formation, metallurgical interac-
tions, and testing.

Presently, multilayer capacitors and packaging make up more than half the
electronic ceramics market. For multilayer capacitors, more than 20 billion units
are manufactured a year, outnumbering by far any other electronic ceramic
component. Multilayer ceramics and hybrid packages consist of alternating lay-
ers of dielectric and metal electrodes, as shown in Figures 5 and 6, respectively.
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Fig. 5. Schematic cross section of a conventional MLC capacitor.
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Fig. 6. Schematic of a MLC substrate for microelectronic nackaging (37).

The driving force for these compact configurations is miniaturization. For capaci-
tors, the capacitance (C) measured in units of farads, F, is

_ 6AK
t

c

where K is the dielectric constant (unitless); g the permittivity of free space =
8.85 x 10~!2 F/m; A the electrode area, m? and ¢ the thickness of dielectric layer,
m. Thus C increases with increasing area and number of layers and decreasing
thickness. Typical thicknesses range between 15 and 35 um. Similarly, for sub-
strate packages, the multilayer configuration incorporates transversely inte-
grated conductor lines and vertical conducting paths (vias) allowing for numer-
ous interconnects to components throughout the device system and power
distribution in a relatively small space. MLC substrates capable of providing
12,000 electrical connections containing 350,000 vias are currently manufactured
(38,39).
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A number of processing steps, shown in Figure 7. are used to obtain the
multilayer configuration(s) for the ceramic-metal composites. The basic process
steps are slip preparation, green tape fabrication, via-hole punching (packages),
printing of internal electrodes or metallization, stacking and laminating, dicing
or dimensional control, binder burnout, sintering, end termination, and en-
capsulation. After each processing step, quality control in the form of nondestruc-
tive physical and electrical tests ensures a uniform end-product.

® (e)

| Ll

(i)
Fig. 7. Fabrication process for MLC capacitors. Steps are (a) powder: (b) slurry
preparation; (c) tape preparation: (d) electroding: (e) stacking; (f) lamination; (g) dicing;
(h) burnout and firing: and (i) termination and lead attachment.

The basic building block, the ceramic green sheet, starts using a mixture of
dielectric powder suspended in an aqueous or nonaqueous liquid system or
vehicle comprised of solvents, binders, plasticizers, and other additives to form a
slip that can be cast in thin, relatively large area sheets. The purpose of the binder
(20.000-30,000 molecular weight polymers) is to bind the ceramic particles to-
gether to form flexible green sheets. Electrodes are screened on the tape using an
appropriate paste of metal powders. Solvents play a number of key roles, ranging
from deagglomeration of ceramic particles to control the viscosity of the cast slip,
to formation of microporosity in the sheet as the solvent evaporates. Plasticizers,
ie, small to medium sized organic molecules, decrease cross-linking between
binder molecules, imparting greater flexibility to the green sheet. Dispersants,
typically 1,000 to 10,000 molecular weight polymer molecules, are added to slips to
aid in the de-agglomeration of powder particles, allowing for higher green densi-
ties in the cast tape. Several review articles on the functional additives in tape
cast systems are available (16,17,25,40-44). The resulting slip should have
pseudoplastic rheological behavior so that the slip flows during high shear rate
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casting operations, but displays little or no flow afterward, thus maintaining tape
dimension (45).

There are several methods to make large ceramic sheets for MLC manufac-
turing (17-23). The methods include glass, belt and carrier film casting, and wet
lay down techniques. The relative advantages and limitations of each technique
have been reviewed (46). The two most commonly employed techniques, belt
casting and doctor blading, are depicted schematically in Figure 8.

Tape
. Drying oven
[‘ / ,\f~ \‘,/:', ’\'r'l .”\1/‘,\\" - rying

\\ A ,|| Son NSl Sy
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Slip hopper
9.14m ‘

Slip —@‘."l‘.’_)_-
container

(@

Micrometer adjustments
for biades

Doctor blades
Cast slip \ Slp
Glass bed 7

Carrier film

9.0 04 02

®)

Fig. 8. Schematic of methods for MLC manufacturing; (a) belt casting; (b) carrier
film casting using a doctor blade.

Metallization of the green sheets is usually carried out by screen printing,
whereby a suitable metal ink consisting of metal powders dispersed in resin and
solvent vehicles is forced through a patterned screen. Palladium [7440-05-3] and
silver-palladium (Ag:Pd) alloys are the most common form of metallization;
tungsten {7440-33-7} and molybdenum (7439-98-7] are used for high (> 1500°C)
temperature MLCs (47-52). Following screening, the metallized layers are
stacked and laminated to register (align) and fuse the green sheets into a mono-
lithic con.ponent. Proper registration is crucial to achieve and maintain capaci-
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tance design (MLC capacitors) and for proper via-hole placement in MLC pack-
ages.

Sintering is the most complex process in MLC fabrication. Ideally, the
binder burnout and sintering steps are performed during the same temperature
cycle and in the same atmosphere. Most binders burn out by 500°C, well before
pore closure in the densification of most ceramics. Sintering behavior of the many
different MLC components must be reconciled to achieve a dense material. Inter-
nal metallization and the dielectric must co-fire in a single process. Firing
temperatures are related to material composition and can be adjusted using
additives. Densification rates are related both to the process temperature and to
particle characteristics (size, size distribution, and state of agglomeration). Thus,
the burnout and sintering conditions depend heavily on the system.

After densification, external electrode termination and leads are attached
for ML.C capacitor components, and pin module assembly and IC chip joining is
carried out for MLL.C packages. The devices are then tested to ensure performance
and overall reliability.

Thick Film Technology

Equally important as tape casting in the fabrication of multilayer ceramics is
thick film processing. Thick film technology is widely used in microelectronics for
resistor networks, hybrid integrated circuitry, and discrete components, such as
capacitors and inductors along with metallization of MLC capacitors and pack-
ages as mentioned above.

In principle, the process is equivalent to the silk-screening technique
whereby the printable components, paste or inks, are forced through a screen
with a rubber or plastic squeegee (see Fig. 7). Generally, stainless steel or nylon

Table 4. Components of Thick Film Compositions®

Component Composition
functional phase
conductor Au, Pt/Au
Ag, Pd/Ag
Cu, Ni
resistor RuO,
BigRUz()';
LaR,
dielectric Bati:
glnse
gines oo
Al
binder glass: borosihcates, aluminosilicates
oxides: CuQO, CdO
vehicle volatile phase: terpineol, mineral spirits

nonvolatiles: ethyl cellulose, acrylates

TRef. 53
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filament screens are masked using a polymeric material forming the desired
printed pattern in which the composition is forced through to the underlying
substrate.

Thick film compositions possess three parts: (1) functional phase, (2) binder,
and (3) vehicle. The functional phase includes various metal powders for conduc-
tors, electronic ceramics for resistors, and dielectrics for both capacitors and
insulation. Examples of typical components for thick film compositions are given
in Table 4. The binder phase, usually a low (<1000°C) melting glass adheres the
fired film to the substrate whereas the fluid vehicle serves to temporarily hold the
unfired film together and provide proper rheological behavior during screen
printing. Thick film processing for hybrid integrated circuits typically takes place
below 1000°C providing flexible circuit designs.

Current and Future Developments in Multilayer Electronic Ceramics

Advances in the field of electronic ceramics are being made in new materials,
novel powder synthesis methods, and in ceramic integration. Monolithic
muliticomponent components (MMC) take advantage of three existing technolo-
gies: (1) thick film methods and materials, (2) MLC capacitor processes, and (3) the
concept of cofired packages as presented in Figure 9. Figure 10 shows an exploded
view of a monolithic multicomponent ceramic substrate.

L Muliilayer High temperature
Thick film capacitor 4 cofire
multicomponent fired capacitor electrodes; substrate electrode;
ceramic substrate; ceramic green tape; ceramic green tape;
high conductivity high conductivity low conductivity
metals (Au, Ag, Cu); metals (P1, Au, Pd/Ag); metals (W, Mo, Mo—Mn),
low print resolution; high print resolution; high print resotution;
muttiple firing at single firing at 900-1300°C; single firing at
800 -1000°C; flexible design; 1500°C, in hydrogen;
flexible design; moderate capital investment. complex process;
low capital investment. high capital investment.

Monolithic multicomponent ceramics

muitilayer technique;
thick film buried devices;
buried tape devices;
surface hybridization;
vertical integration, compositional integration;
hytridization.

Fig.9. Monolithic multilayer ceramics (MMCs) derived from multilayer capacitor,
high temperature cofire, and thick film technologies.




616 ADVANCED CERAMICS (ELECTRONIC) Vol. 1

Semiconductor Sensor
chip materiol

Brozed input/ output pins

Fig. 10. Exploded view of a monolithic multicomponent ceramic substrate. Layers
(a) signal distribution; (b) resistor; (¢) capacitor; (d) circuit protection; and (e) power
distribution are separated by (f) barrier layers.

New materials for packaging include aluminum nitride [24304-00-5], AIN,
silicon carbide [409-21-2], SiC, and low thermal expansion glass-ceramics, re-
placing present day alumina packaging technology. As shown in Table 5, these
new materials offer significant advantages to meeting the future requirements of
the microelectronics industry. Properties include higher thermal conductivity,

Table 8. Properties of High Performance Ceramic Substrates”

90%
Properties AIN SiC Glass-ceramics AlyO3
thermal conductivity, W/(m-K) 230 270 5 20
thermal expansion coefficient, 43 37 30-42 67
RT — 400°C x 10~7/°C®
dielectric constant at 1 MHz2 8.9 42 3.9-7.8 9.4
flexural strength, kg/cm? 3500-4000 4500 1500 3000
thin film metals Ti/Pd/Au Ti/Cu Cr/Cu, Au Cr/Cu
Ni/Cr/Pd/Au
thick film metals Ag-Pd Au Au, Cu, Ag-Pd
Cu Ag-Pd Ag-Pd Cu, Au
cofired metals w Mo Au-Cu, W, Mo
Ag-Pd
cooling capability, °C/W
air 6 5 60 30
water® <1 <1 <1 <1

“Ref. 39.
bRT = room temperature.
“External cooling.
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lower dielectric constant, cofire compatibility, and related packaging character-
istics such as thermal expansion matching of silicon and high mechanical
strength as compared to Al,O;.

Greater dimensional control and thinner tapes in multilayer ceramics are
the driving forces for techniques to prepare finer particles. Metal organic decom-
position and hydrothermal processing are two synthesis methods that have the
potential to produce submicrometer powders having low levels of agglomeration
to meet the demand for more precise tape fabrication.

As stated above, the development of multifunctional MLCs based on exist-
ing technologies offers excellent growth potential since MMCs combine the
possibilities of both the bich cofire (packaged) substrates and burial of surface
devices (54-57). Burial of surtivxesdevices promises gains in both circuit density
and device hermiticity, leading to increased reliability. Processing trade-offs are
expected since current electronic materials for multilayer applications (capaci-
tors, transducers, sensors) are densified at very different firing temperatures.
Consequently, integrated components will likely be of lower tolerance and limited
range, at least in the early developmental stages. Current efforts have been
directed toward incorporation of multilayer capacitor-type power planes and
burial of thick film components, including resistors and capacitors. The latter
processing technology offers more immediate possibilities as it is developed to
cofire at conventional thick film processing temperatures for which a wide range
of materials exist.

The continuing miniaturization of electronic packaging should see the re-
placement of components and processes using such thin film technologies devel-
oped for semiconductors as sputtering, chemical vapor deposition, and sol-gel
(see SOL,-CGEL TECHNOLOGY; THIN F1LMS) (58,59). Sputtering is the process whereby
a target material is bombarded by high energy ions which liberate atomic species
from the target for deposition on a substrate. Chemical vapor deposition (CVD)
involves a gaseous stream of precursors containing the reactive constituents for
the desired thin film material, generally reacted on a heated substrate. The more
recent process for thin films, sol-gel, uses a nonaqueous solution of metal-
organic precursor. Through controllied hydrolyses, a thin, adherent film is pre-

Table 6. Current and Future Developments in Thin Flilm Electronic Ceramics®
Material Application Methods

PT, PZT, PLZT nonvolatile memory, ir, sol-gel, sputtering
pyroelectric detectors,
electro—optic waveguide,
and spatial light modulators

diamond (C) cutting tools, high temperature chemical vapor
semiconductors, protective deposition (CVD)
optical coatings

Si0,, BaTiOy capacitors sol-gel, sputtering,

chemical vapor
deposition (CVD)
1:2:3 superconductors squids, nmr, interconnects

"Refs. 58 and 59.
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pared by dip-coating or spin-coating. The dried “gel” film is then crystallized and
densified through heat treatments. Both existing and future developments of thin
film electronic ceramics and methods are presented in Table 6.

BIBLIOGRAPHY

1. Japan Electronics Almanac, Dempa Publications, Inc., Tokyo, 1986, p. 412.

2. D. W. Johnson in G. Y. Chin, ed., Advances in Powder Technology, American Society
for Metals, Metals Park, Ohio, 1982, pp. 23-37.

3. K. Osseo-Asare, F. J. Arriagada, and J. H. Adair, “Solubility Relationships in the
Coprecipitation Synthesis of Barium Titanate: Heterogeneous Equilibria in the
Ba-Ti-Cy04-H50 System,” in G. L. Messing, E. R. Fuller, Jr., and Hans Hausin, eds.,
Ceramic Powder Science, Vol. 2, 1987, pp. 47-53.

4. D. Miller, J. H. Adair, W. Huebner, and R. E. Newnham, “A Comparative Assessment
of Chemical Synthesis Techniques for Barium Titanate,” Paper, 88th Annual Meeting
of the American Ceramic Society, Pittsburgh, Pa., April 27-30, 1987.

. B. J. Mulder, Am. Ceram. Soc. Bull. 49(11), 990-993 (1970).

6. E. P. Stambaugh and J. F. Miller, “Hydrothermal Precipitation of High Quality
Inorganic Oxides,” in S. Somiya, ed., Proceedings of First International Symposium on
Hydrothermal Reactions, Gakujutsu Bunken Fukyu-kai (c/o Tokyo Institute of Tech-
nology), Tokyo, Japan, 1983, pp. 859-872.

. K. S. Mazdiyasni, C. T. Lynch, and J. S. Smith, JJ. Ceram. Soc. 48(7), 372-375 (1965).
8. R. R. Wills, R. A. Markle, and S. P. Mukherjee, Am. Ceram. Soc. Bull. 62(8), 904-911

(1983).
9. R. West, X.-H. Zhang, 1. P. Djurovich, and H. Stuger, “Crosslinking of Polysilanes as
Silicon Carbide Precursors,” in L. L. Hench and D. R. Ulrich, eds., Science of Ceramic
Chemical Processing, John Wiley & Sons, New York, 1986, pp. 337-344.
10. K. K. Verna and A. Roberts in G. Y. Onoda, Jr., and L. L. Hench, eds., Ceramic
Processing Before Firing,” John Wiley & Sons, Inc., New York, 1978, pp. 391-407.

11. J. H. Adair, A. J. Roese, and L. G. McCoy, “Particle Size Analysis of Ceramic Pow-
ders,” in K. M. Nair, ed., Advances in Ceramics, Vol. 2, The American Ceramic Society,
Columbus, Ohio, 1984,

12. J. W. McCauley, Am. Chem. Soc. Bull. 63(2), 263-265 (1984).

13. G. L. Messing, C. J. Markhoff, and L. G. McCoy, Am. Ceram. Soc. Bull. 61(8), 857-860
(1982).

14. D. E. Niesz and R. B. Bennett, in ref. 10, pp. 61-73.

15. C. Greskovich, “Milling” in F. F. Y. Wang, ed., Treatise on Materials Science and
Technology, Vol. 9, Academic Press, New York, 1976.

16. R. E. Mistler, D. J. Shanefield, and R. B. Runk, in ref. 10, pp. 411-448.

17. J. C. Williams, “Doctor-Blade Process,” in F. F. Y. Wang, ed., Treatise on Materials
Science and Technology, Vol. 9, Academic Press, New York, 1976.

18. U.S. Pat. 3,717,487 (1973) (to Sprague Electric Company).

19. B. Schwartz and D. L. Wilcox, Ceramic Age, 40-44 (June 1967).

20. R. B. Runk and M. J. Andrejco, Am. Ceram. Soc. Bull. 54(2), 199-200 (1975).

21. C. Wentworth and G. W. Taylor, Am. Ceram. Soc. Bull. 46(12), 1186-1193 (1967).

22. R. E. Mistler, Am. Ceram. Soc. Bull. 62(11), 850-854 (1973).

23. J. M. Herbert, Methods of Preparation, Ceramic Dielectrics and Capacitors, Gordon and

Breach Science Publishers, New York, 1985, Chapt. 3.
24. F. H. Norton, Forming Plastic Masses, Fine Ceramics: Technology and Applications,
Robert E. Krieger Publishing, Huntington, NY, 1978, Chapt. 10.

o

-3




Vol. 1 ADVANCED CERAMICS (ELECTRONIC) 619

25.

26.

27.
28.
29.
30.

31.
32.
33.
34.
35.

36.

37.
38.

39.
40.
41.
42.
43.
44.
45,
46.

47.
48.
49,
50.

51.
52.

53.
54.

585.

57.

T. Morse, Handbook of Organic Additives for Use in Ceramic Body Formulation,
Montana Energy and MHD Research and Development Institute, Inc., Butte, Mont,,
1979.

D. B. Quinn, R. E. Bedford, and F. L. Kennard, “Dry-Bag Isostatic Pressing and
Contour Grinding of Technical Ceramics,” in J. A. Mangels and G. L. Messing, eds.,
Advances in Ceramics, Vol. 9 (Forming of Ceramics), 1984, pp. 4-31.

1. A. Aksay, F. F. Lange, and B. 1. Davis, J. Am. Ceram. Soc. 66(10), C190-C192 (1983).
F. F. Lange, B. I. Davis, and E. Wright, J. Am. Ceram. Soc. 69(1), 66-69 (1986).

1. A. Aksay and C. H. Schilling, in ref. 26, pp. 85-93.

G. N. Howatt, R. G. Breckenridge, and J. M. Brownlow, J. Am. Ceram. Soc. 30(8),
237-242 (1947).

dJ. J. Thompson, Am. Ceram. Soc. Bull. 42(9), 480-481 (1963).

J. A. Mangels and W. Trela, in ref. 26, pp. 85-93.

T. J. Whalen and C. F. Johnson, Am. Ceram. Soc. Bull. 60(2), 216-220 (1981).

M. J. Edirisinghe and J. R. G. Evans, Int. J. High Technol. Ceram. 2(1), 1-31 (1986).
R. R. Wills, M. C. Brockway, and L. G. McCoy, “Hot Isostatic Pressing of Ceramic
Materials,” in R. F. Davis, H. Palmour 11l, and R. L. Porter, eds., Materials Science
Research, Vol. 17 (Emergent Process Methods for High-Technology Ceramics), Plenum
Press, New York, 1984.

M. H. Leipold, “Hot Pressing,” in F. F. Y. Wang, ed., Treatise on Materials Science and
Technology, Vol. 9 (Ceramic Fabrication Processes), Academic Press, New York, 1976.
A. J. Blodgett, Jr., Sci. Am. 249(1), 86-96 (1983).

R. R. Tummala and E. J. Rymaszewski, Microelectronics Packaging Handbook, Van
Nostrand Reinhold, New York, 1989.

R. R. Tummala, Am. Ceram. Soc. Bull. 67(4), 752-758 (1988).

D). J. Shanefield and R. S. Mistler, Am. Ceram. Soc. Bull. 53(5), 416-420 (1974).

D. J. Shanefield and R. S. Mistler, Am. Ceram. Soc. Bull. 53(8), 564-568 (1974).

R. A. Gardner and R. W. Nufer, Solid State Technol. (May 8-13, 1974).

A. G. Pincus and L. E. Shipley, Ceram. Ind. 92(4), 106-110 (1969).

N. Sarkar and G. K. Greminger, dr. Am. Ceram. Soc. Bull. 62(11), 1280-1284 (1983).
G. Y. Onoda, dr., in ref. 10, pp. 235-251.

J. H. Adair, D. A. Anderson, G. O. Dayton, and T. R. Shrout, J. Mater. Ed. 9(1,2),
71-118 (1987).

D. A. Chance, Met. Trans. 1, 685-694 (March 1970).

. Burn and G. H. Maher, J. Mater. Sci. 10, 633-640 (1975).

U.S. Pat. 4,075,681 (Feb. 1978), M. J. Popowich.

T. L. Rutt and J. A. Syne, “Fabrication of Muiltilayer Ceramic Capacitor by Metal
Impregnation,” IEEE Trans. Parts Hybrids Packag., PHP-9, 144-147 (1973).

D. A. Chance and D. L. Wilcox, Met. Trans. 2, 733-741 (March 1971).

D. A. Chance and D. L. Wilcox, Proc. IEEE 59(10), 1455-1462 (1971).

1.. M. Levinson, Electronic Ceramics, Marcel Dekker, Inc., New York, 1988, Chapt. 6.
K. Utsumi, Y. Shimada, and H. Takamizawa, *Monolithic Multicomponent Ceramic
(MMC) Substrate,” in K. A. Jackson, R. C. Pohanka, D. R. Ulhmann, and D. R. Ulrich,
eds., Electronic Packaging Materials Science, Materials Research Society, Pittsburgh,
Pa., 1986, pp. 15-26.

W. A. Vitriol and J. I. Steinberg, “Development of a Low Fire Cofired Multilayer
Ceramic Technology,” 1983, pp. 593-598.

. H. T. Sawhill and co-workers, “Low Temperature Co-Firable Ceramics with Co-Fired

Resistors,” International Society of Hybrid Microelectronics Proceedings, 1986, pp.
473-480.

C. C. Shiflett, D. B. Buchholz, and C. C. Faudskar, “High-Density Multilayer Hybrid
Circuits Made with Polymer Insulating Layers (Polyhic’s),” Society of Hybrid Micro-
electronics Proceedings, 1980, pp. 481-486.




620 ADVANCED CERAMICS (ELECTRONIC) Vol. 1

58. S. L. Swartz. “Topics in Electronic Ceramics,” I[EEE Trans. Elect. Insul. Digest on
Dielectrics 25, 935-987 (Oct. 1990).

59. C. P. Poole. Jr., T. Datta, and H. A. Farach, Copper Oxide Superconductors, John Wiley
& Sons, New York, 1988.

General references

R. C. Buchanan, ed., Ceramic Materials for Electronics, Marcel Dekker, Inc., New York,
1986.

.. M. Levinson, ed., Electronic Ceramics, Marcel Dekker, Inc., New York, 1988.

B. Jaffe, W. R. Cook, dJr., and H. Jaffe, Piezoelectric Ceramics, Academic Press, New York,
1971.

ROBERT E. NEWNHAM
THOMAS R. SHROUT
Pennsylvania State University




APPENDIX 3




The Pennsylvania State University

The Graduate School

T17% GLASSY BEHAVIOR OF
RELAXOR FERROELECTRICS

A Thesis in

Solid State Science

by

Dwight D. Viehland

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

May 1991




ABSTRACT

A spin-glass-like model for the relaxor ferroelectric has been developed. The
glassy behavior is shown to be reflected in the dielectric, polarization, and
electromechanical responses. The glassy behavior is believed to arise due to
correlations, both dipolar and quadrupolar, between superparaelectric sized
moments.

The complex susceptibility was measured over the frequency range of 102 to
107 Hz. The frequency dispersion of the temperature of the permittivity maximum
was modelled with the Vogel-Fulcher relationship, predicting a characteristic
freezing temperature which coincided with the collapse of a stable remanent
polarization. The imaginary component was also found to be nearly frequency
independent below this temperature, phenomenologically scaling to the Vogel-
Fulcher relationship. The relaxation time distribution was then calculated by
analogy to spin-glasses, and shown to extend from microscopic to macroscopic
periods near freezing reflecting the onset of nonergodicity. The deviation from
Curie-Weiss behavior was also investigated. At high temperatures, the dielectric
stiffness was found to follow the Curie-Weiss relationship. A local (glassy) order
parameter was calculated from the deviation at lower temperatures, by analogy to
spin-glasses. The dependence of the complex susceptibility on an applied electric
field and the degree of chemical long range ordering was then investigated using
these techniques.

The remanent polarization was investigated for various electrical and thermal
histories. The field-cooled and zero-field-cooled behaviors were both studied. The
magnitude of both polarizations was found to be equal above a critical temperature.
A macroscopic polarization developed under bias in the zero-field-cooled state, with

the temperature of the maximum charging current decreasing with increasing bias.




This decrease was modelled using the deAlmedia-Thouless relationship, which
predicted an average moment size freezing of approximately 3x10-25 C-cm. The
time dependence of the remanent polarization was also investigated. The square-to-
slim-loop hysteresis transition, measured using a standard Sawyer-Tower circuit,
was phenomenologically modelled by modifying Neel's equation for the
magnetization of a superparamagnet to a similar relationship for a superparaelectric.
A temperature dependent internal dipole field was included to account for
correlations. The slim loop polarization curves were also found to scale to E/(T-Tf).

The electromechanical behavior was investigated using a nonlinear internal
friction technique. The linear elastic response was found to stiffen at all bias levels
with the maximum electroelastic coupling occurring near the Vogel-Fulcher freezing
temperature. A strong frequency dependence of the kinetics of the anelastic
relaxation was found at low measurement frequencies. These data are compared to
recent high frequency results. The existence of an inhomogeneous internal strain
was found from the line broadening of the (220) and (321) diffraction peaks. On
application of an electrical field the internal strain is relieved by the development of
a macrostrain which is shown to be the electrostrictive strain. Strong elastic
nonlinearities, both an elastic softening and hardening under stress, have also been
observed. These results are interpreted as a stress activation of the internal

deformation process.
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ABSTRACT

Ferroelectric properties, electrooptic properties, and the polarization mechanisms of the
tungsten bronze ferroelectric lead barium niobate Pb,  Ba,Nb,Og (PBN(1-x)%) solid solution
system with emphasis on the morphotropic phase boundary (MPB) compositions (1—x~0.63) are
the primary contents of this thesis. This study is directed toward (i) the potential applications of
the PBN single crystals of the morphotropic phase boundary compositions as electrooptic devices
and (ii) the improved understanding of the polarization mechanisms in lead-conta{ning tungsten
bronze ferroelectric crystals near a morphotropic phase boundary.

Ferroelectric singlé crystal and ceramic samples of Pb;,Ba,Nb;O¢ (0.25<1-x~0.84) were
prepared and examined dusing this thesis work. Single crystals were grown by the Czochralski
method. It is shown that in the Ba-rich PBN (prototype point symmetry 4/mmm) the
polarization vector is along the c-axis, while in the PL-iehs side of the phase diagram, the
polarization vector is in the a-b plane parallcl to the < 110> direction. However, over the range
where the PbNb,Og4 content is 60 to 66 mole percent, it is evident from the X-ray studies that the
two structures coexist in polycrystalline samples and appear nearly equal in ratio at 63 mole
percent of PbNb,Og Dielectric constant maximum and the ferroelectric-paraelectric phase
transition temperature minimum are observed at the morphotropic phase boundary composition
where 1-x=0.63.

Ferroelectric phase relations for the PbNb,4-BaNb,04 solid solution system are studied by
measuring the dielectric and the thermal expansion properties. Ferroelectric-paraelectric phase
transition in Ba-rich composition (ferroelectric 4mm « paraelectric 4/mmm) is found to be
diffuse near-second order type with small thermal hysteresis. However, the phase transition in
Pb-rich compositions (ferroelectric m2m « paraelectric 4/mmm) is predominantly diffuse first

order type with large thermal hysteresis (~30°C). Thermal hysteresis is more prominent in
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compositions near the morphotropic phase boundary. It is found by using high temperature X-
ray diffraction that in single crystal PBN61.5 two phase transitions take place. The lower
temperature phase transition (at ~125°C) corresponds to the phase transition across the MPB
between the orthorhombic m2m and the tetragonal 4mm phases and the higher temperature phase
transition (at ~290°C) is the ferroelectric-paraclectric phase transition between tetragonal 4min
and 4/mmm phases. Very large thermal hysteresis (~70°C) is observed for the lower temperature
phase transition. The phase diagram of PBN solid solution is updated by including our
experimental data into the previously reported phase diagram (Subbarao 1959) with. a curved
morphotropic phase boundary into the Ba-rich side between ferroelectric m2m and ferroelectric
4mm.

A qualitative therinodynamic model is suggested to account for the large thermal hysteresis
observed at the phase transition across the MPB. Such a model is also useful in understanding
the phase transition induced by an electric ficld. Very large thermal hysteresis observed for the
phase transition near the morphotropic phase boundary is an indication that the two ferroelectric
phase, are very similar in their free energies.

FLow temperature (10~300K) dielectric and pyroelectric properties of morphotropic phase
boundary PBN ferroclectric single crystals have been investigated and characterized to understand
the strong “Debye-like” dielectric dispersion along a nonpolar direction (perpendicular to the
polarization direction) by using dielectric spectrum techniques and a direct charge measurement
method, respectively. Significant dielectric relaxation phenomena have been encountered for
MPB PDN single crystals in nonpolar directions at low temperatures (T < 210K) and over a broad
frequency range (102~10611z). A small “frozen-in” polarization component has been detected in a
nonpolar direction at corresponding temperatures. There is no evidence found for ferroelectnic
phase transitions at low temperature in the PBN system. The low temperature relaxation effects
can be successfully explained by the concept of internal-reorientation type  polarization

perturbation and a thermally agitated local dipole fluctuation model.
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Optic and electrooptic properties of PBN single crystals are studied by using various
techniques. Preliminary study using ellipsometry technique on the dispersion behavior of the
PBN crystals shows the crystals are transparent in the visible range without noticeable absorption
bands.

By studying the conoscopic interfercnce pattern and the transition temperature dependence
on the bias electric field, it is demonstrated for the first time that an external electric field can
induce ferroelectric phase switching in the morphotropic phase boundary compositions from one
ferroelectric phase to the other. One of the most interesting results is that the clectrically
controlled optical bistable states are possible to obtain in MPB PBN single crystals.

Optic indices of refraction have been measured using the minimum deviation technique to
reveal the details of a morphotropic phase transition in a single crystal. Optical birefringence as a
function of temperature has been measured using different techniques, particularly the Senarmont
method, and has enabled the calculation of RMS value of spontaneous polarization which is
otherwise difficult to obtain for PBN single crystals of high transition temperature (> 270°C).
The highest spontaneous polarization evaluated in this way for morphotropic phase boundary
composition PBN61.5 is of the value 47 C/cm? at room temperature.

Transverse linear electrooptic coefficients and half-wave voltages have been measured for
different PBN compositions. Morphotropic phase boundary compositions show both high r, and
ryy; coefficients (r,;=311x1012 V/m, r,;=862x10'2 V/m in PBN6L.5), primarily because the
dielectric constants perpendicular and parallel to the c-direction are both large and insensitive to
temperature. In the ferro~':ctric tetragonal phase, the transverse electrooptic coefficient ry,
(rs;=1524x10"2 V/m in PBNS57) is large and in the ferroelectric orthorhombic phase the r,
(re2=216x10'2 V/m in PBN65) is large. Both can be attributed to the large transverse dielectric

constants.
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The g-coefficients were derived from the electrooptic measurements including half-wave
voltage and the bircfringence. Positive g,, = 0.0603m'/C* and ncgative g,, = —0.0152m*/C* are
obtained, in agreement with theoretical predictions. Overall, the g-coefficients are smaller than
Pb-free perovskites, indicating considerable electronic polarization contribution from Pb2*.

Preliminary study on the electrooptic response behavior of PBN single crystals shows that
PBN has fast electrooptic response of the order ~ 100nsec (1999 = S0nsec has been obtained) and
is therefore a potential candidate for electrooptic modulator applications.

The transmission electron microscope study reveals the manner in which the polarization
manifests itself in the various ferroelectric symmetries. There exist only 180° ferroelectric domains
in tetragonal 4mm; in orthorhombic m2m, both 90° twin-like domains and 180° domains in the
a-b plate are present. The domain microstructures are deduced for PBN compositions across the
phase diagram. TEM study in the temperature range from -180°C to ~80°C revealed the presence
of incommensurate ferroelastic domains in PBN solid solution similar to those discovered in the
other tungsten bronzes BNN and SBN. 'The degree of incommensurability varies with
temperature and compositions. These incommensurations exist at room tfemperature in both
tetragonal and orthorhombic ferroelectric phases; however, the discommensuration density is
much lower and better defined on the orthorhombic side of the phase diagram. The large thermal
hysteresis at the ferroelectric-paraelectric phase transition in a Pb-rich orthorhombic composition
can be understood by taking the incommensusate phase transition into consideration. The
discommensuration structures, however, secem 1o be independent of the ferroclectric domains in
the m2m phase, which indicates that the lock-in phase transition takes place at a higher
temperature than the ferroelectric phase transition.

In general, the diclectric constant, pyroclectric coefficients, and lincar electrooptic cocfficients
are found to be enhanced near the MPB compositions. The transverse linear electrooptic
coeflicients (rs; = 1524x10'2 V/m for PBN57) are among the highest known in oxide ferroelectric

materials (c.g., rs, = 1600102 V/m in BaTi0,). Morc importantly, in the morphotropic phase




vil
boundary compositions, the enhanced physical properties are relatively temperature insensitive at
ambient temperatures (much lower than their Curie temperatures), which is of great advantage for

electrooptic and photorefractive device applications.
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ABSTRACT

The optical and electrooptical properties of a relaxor ferroelectric
Lead magnesium niobate, Pb(Mgj/3,Nbo/3)03 (PMN), and its solid solution
with Lead titanate, PbTiO3 (PT) to form (1-x) Pb(Mg1/3,Nbg/3)03 - (x) PbTiO3
(PMN-PT) have been examined in hopes of realizing its potential usefulness
as an electrooptic material. A better insight into the underlying nature of
optical phenomena in this and other relaxor ferroelectric solid solution
systems was also a goal of this effort. Fundamental optical property
measurements such as spectral transmission, refractive index,
birefringence, thermooptic and electrooptic coefficients were undertaken
in order to characterize compositional and structural relationships for
PMN-PT.

Spectral transmission measurements for these perovskite structure
materials indicate an optical bandgap of about 3.35 eV corresponding to the
onset of transmission in the near UV near 380 nm. Increasing
transmission of light (near 60%) for thin polished ceramic samples of
PMN-PT occurs out into the infrared regime without significant absorption
to wavelengths greater than 5pum and then decreasing transmission to
become totally absorbing at 10um.

Refraction of light as a function of frequency for many PMN-PT
compositions was examined by the minimum deviation method. For this
system the refractive index increases nearly linearly from PMN (nq =

2.5219) by 2.415 x 10-3/ mole % PbTiO3 added. The optical dispersion was

successfully modeled upon a single term Sellmeier oscillator equation even
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for these Ph2+ A-site perovskite compounds which have a Pb 652 electronic
energy level in the region of the lowest conduction band modifying the
predominant B-O oxygen-octahedra interactions.

Thermooptic properties, n(T), were undertaken over a temperature
range sufficient to ascertain the ferroelectric polarizatiorn contribution to
the refractive index. Birefringence measurements sensitive to long range
polar order were also performed as a complement to the n(T)
measurements. The n(T) curves for the compositions with small amounts
of PbTiO3 were shown to exhibit relaxor effects exemplified by a purely
paraelectric linear high temperature regime and then a gradual departure
from linear behavior at a temperature well above (~300°C) the dielectric
constant maximum temperature. This reduction of the refractive index is
explained by the existence of short range ordered regions of local
polarization (superparaelectric behavior). The average polarization
remains zero in this regime but the nonzero root mean square polarization
biases the refractive index by the quadratic electrooptic effect. Only below
the freezing temperature Ty of the interacting and coalescing polar regions
is there a measurable optical anisotropy An(T) observed from uniformly
distorted macroscopic scale domains. The field induced birefringence for
.80PMN-.20PT of .005 is comparable to other perovskite materials.

For this system of relaxor ferroelectrics the response to simultaneous
optical and electrical fields as an electrooptic media has been demonstrated
to be based on other solid-state features such as their dielectric,
polarization, and ferroelectric properties. Electrooptic and polarization
hysteresis loops were measured as a function of electric field and

temperature. The measured quadratic electrooptic R coefficients at room




v
temperature (e.g 14.1 x 10-16 m2/V2 for .90PMN-.PT with A = 632.8nm) were
such that several halfwaves of retardation cculd be produced for modest
fields. Electrooptic shuttering experiments indicated that switching speeds
of the order 700nsec could be readily achieved in .93PLMN-.07PT bulk
ceramic samples. Polarization optic coefficients were found to be of order
.01m4/C2 and in common with many other Pb perovskite relaxors an order
of magnitude smaller than non Pb materials. In addition to electrically
controllable birefringence, longitudinal electrooptic light scattering and
spectral filtering effects were also observed.

Because of their large electrooptic coefficients, photorefractive effects
have been shown to be readily induced by the excitation of free carriers
caused by illumination from near bandgap (375 nm) radiation.
Photoassisted domain switching (PDS) has been observed during
measurement of polarization -electric field hysteresis loops.
Photorefractive induced birefringence (>10-4) under simultaneous UV
illumination and electric field has been demonstrated in polycrystalline
ceramics of composition . 90PMN-.10PT. This photorefractive index pattern
storage was demonstrated to be maintainable at least for several hours,
reversible under the action of an electric field of opposite polarity, and
erasable by thermal treatment or broadband illumination.

The large quadratic electrooptic coefficients in polycrystalline
ceramics of PMN-PT, comparable to any previously measured electrooptic
ceramics, and linear electrooptic coefficients demonstrated in near
morphotropic phase boundary single crystals such as .70PMN-.30PT may
prove to be of significant interest for applications involving electrooptic

modulation and photorefractive effects.
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ABSTRACT

The unique characteristics of the solid solution (1-x)Pt(Sc12Ta}2)03-(x)PbTiO3
make it an interesting system from both a theoretical and practical point of view. A
variety of compositionally and thermally "adjustable” states of structural ordering, Curie
temperatures, and material properties are accessible for these materials, making them
attractive for many device applications as well as a useful model system for further
exploring the fundamental nature of relaxor ferroelectrics. Selected compositions from
the system have been prepared as ceramics, characterized, and subjected to various
property measurements. Two structural phase boundaries have been identified between
three main lower symmetry ferroelectric phase regions. Materials from each of these
regions possess different states of structural ordering and exhibit distinctive ferroelectric
behaviors. Structure-property relationships are highlighted for compositions representing
each region and a preliminary evaluation of the material for pyroelectric device
application is presented.

The (1-x)Pb(Scy12Ta12)03-(x)PbTiO3 ceramics were prepared by a conventional
mixed-oxide method involving the use of high-purity starting compounds, a precursor-
phase formulation, and controlled lead atmosphere sintering. Compositions were selected
from across the entire range so as to represent all phase regions occurring in the system.
Each composition was calcined at 900°C for four hours and then at 1000°C for one hour
with an intermediate comminution step. Compacted specimens of all compositions were
then subjected to firing at 1400°C for one hour within sealed crucibles containing
Pb(Scy2Tay)03/ PbZrO3 source powders. Specimens with compositions [x<0.1})
required a second higher temperature sintering at temperatures in the range (1500-
1560°C) depending on the composition. Those specimens for which the degree of

ordering could be varied by post-sintering heat-treatment were annealed in a sealed
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system with a controlled lead atmosphere so as to allow negligible lead loss during the
ten-hour period required to order the material.

Four distinct phase regions were identified in the system: (1) a high-temperature
cubic phase, below which there exist, (2) a rhombohedral (pseudocubic) region of
variable order/disorder [VOD] in the composition range {x=0-0.075], (3) a structurally
invariable rhombohedral (pseudocubic) region in the range [x=0.1-0.4}, and (4) a
tetragonal region extending from [x=0.45] to [x=1.0]. Boundary regions separating the
three lower symmetry phase regions were defined where the VOD phase boundary was
determined to lie in the composition range [x=0.075-0.1] and the morphotropic phase
boundary [MPB] between [x=0.4] and [x=0.45). It was noted that the extent of the VOD
phase region and, hence, the position of the VOD phase boundary may well depend upon
the annealing conditions imposed and, therefore, the structural features reported for the
system in this compositional range reflect only the nature of materials produced under the
preparation conditions applied in this study.

A range of ferroelectric behaviors was observed for materials representing each of
the three non-cubic phase regions, each of which was correlated with the coherence
length of the ordering present as determined by means of electron and x-ray diffraction.
It was thereby shown that all three of the nanostructure-property classes defined in the
classification scheme of Pb-based perovskites described in Section 1.1.3 are represented
in this system.

Preliminary investigation of the nanoscale ordering occurring in as-fired
specimens by means of electron diffraction indicated the presence of short coherence
length (20-800A) long-range ordering up to [x=0.3] as evidenced by the presence of the
"F-type"” reflections associated with the ordered superstructure. The steady decrease
observed in the intensity of these spots with increasing x reflects a decrease in the

coherence length of the ordering. Estimation of the order domain sizes in annealed VOD




materials by means of x-ray diffraction utilizing the Scherrer expression (Equation 1.11;
Section 1.3.1) yielded average order domain sizes greater than 1000A for all of the
annealed specimens.

Dielectric hysteresis was observed for all compositions [x=0-0.4]. As-fired
materials from the composition range [x=0-0.4] were observed to display relaxor-type
dielectric behavior w.ich becomes more normal on approaching the MPB [x=0.4-0.45])
beyond which the response is essentially that of a first-order ferroelectric. Both relaxor
and normal first-order type dielectric responses were found to occur for VOD
compositions with the as-fired materials showing the characteristic diffuse and dispersive
responses typical of a relaxor and the annealed specimens exhibiting more sharp, first-
order type behaviors. The dielectric behaviors exhibited by as-fired and annealed
samples under a biasing field of 5 (KV/cm) were also observed to be those typically
associated with relaxor-type ferroelectrics and normal first-order ferroelectrics

respectively. The general features of the temperature dependences of the remanent
polarization, Pr, and the 100 KHz reduced RMS polarization, P(100K). observed for the
VOD compositions highlight the nature of the polarization as it relates to the degree of
positional ordering present; it becomes evident that even for the annealed samples, for
which relatively high degrees of long-range ordering are achieved and near-normal first-
order dielectric responses displayed, some "glassy" polarization character is retained.
The depolarization curves of the remanent, Pr, and 100 KHz reduced RMS, P(j00K),
polarizations for compositions [x=0.1-0.4] showed relaxor-type tendencies with a trend
towards a more normal first-order type response on approaching the MPB region.

A preliminary evaluation of the pyroelectric response has been conducted in this
investigation for selected (1-x)Pb(Scy,Ta)2)03-(x)PbTiO3 compositions in order to
determine the most promising materials for thermal imaging applications and to roughly

establish the optimum operating conditions for those which exhibit the highest figures of
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merit (defined in Section 6.1). .The relatively high dielectric constant coupled with the
moderate values of the pyroelectric coefficient below T(max) for all the compositions
considered results in a low voltage response [Fy] making them not particularly well-
suited for large area device applications. These materials do, however, show detectivities
[Fp) adequate for potential use as point detectors. The VOD compositions, in particular,
appear to be promising candidates for field-stabilized pyroelectric devices.

The detectivities for as-fired and annealed [x=0.025] and [x=0.05] compounds
were evaluated under a DC biasing field of 5 (KV/cm). Some enhancement of Fp was
observed at this field strength for the as-fired -« ‘nens which even under unbiased
conditions exhibited stable responses over an extremely broad temperature range [T =0-
70°C; Figure 6.8). The peak Fp of the annealed [x=0.025] material [Fp(max)=16 (10-
5Pa-172); Figure 6.9(a)) was observed to occur at =20°C and showed a much more marked
enhancement under DC bias than its as-fired counterpart [Fp(max)=2.5 (10-5Pa-172);
Figure 6.8(a)). The effect of the biasing field on the annealed [x=0.05] material was less
dramatic with respect to the peak Fp attained [Fp(max)~6.3 (10-5Pa-1/2); Figure 6.9(b)};
however, similar to the as-fired materials, this material exhibited an enhanced detectivity
over a broad temperature range above T(max). These preliminar resuits, obtained under
modest field conditions, have indicated that the materials from the VOD composition
range are highly variable in their performance, both with respect to the maximum
response achieved and the breadth of the temperature range over which a stable response

is obtained.
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We report accurate temperature dependent measurements of optic indices of refraction, the
birefringence, and the strain in the ferroelectric tungsten bronze crystals Bay 15510 .1sNby;Og and
two compositions of (Ba, _,Sr,);(K, _ Na,);(NbO,)}o These results are compared to our
previous results in Bag (Sto sNb;Og. From the experimental data, it appears that far above the
ferroelectric T, up to a temperature T, these crystals possess a local, randomly oriented
polarization, P, with similar T, values, irrespective of their chemical composition and T.
Various aspects of our understanding of the polarization behavior and other effects in this

ferroelectric system are discussed.

I. INTRODUCTION

In a previous paperl we reported measurements, as a
function of temperature, of the optic indices of refraction,
n(T), and elements of the strain tensor, x,; of the tetrago-
nal tungsten bronze ferroelectric Bag (Srg¢Nb,Og
(BSN40,T. = 75°C). BSN40, as well as other mixed sys-
tem ferroelectrics, show crystalline ferroelectric behavior
but with a glassy polarization phase transition above the
ferroelectric transition temperature 7T, up to a dipole tem-
perature (T4). Some aspects of materials with these prop-
erties have been reviewed. Particularly noteworthy in our
previous work' is that analysis of the n(T) and x; data
yields essentially the same T, values as well as essentially
the same temperature dependent dipole polarization
[P;=(P})'?) which merges with the ferroelectric revers-
ible polarization (P,) below T

In this paper we extend our previous measurements to
several related crystals. These are Bag,Srg7sNb,O4
(BSN25,T, = 56°C) and (Ba;_xSr,),(K,_,Na),
(NbO;) o (BSKNN) with several ratios of atoms. In par-
ticular, for these materials we report measurements of P,
ns, n;, and the optical birefringence, as well as some com-
ponents of the strains. These results are compared to those
obtained from BSN40 and aspects of our understanding of
these results are discussed.

. STRUCTURE

A unit cell of the tetragonal tungsten bronze structure
is shown in Fig. 1. Above T, it has a center of symmetry
(space group Di,,-P4/mbn). Below T it remains tetrago-
nal (space group C3,-P4bm) but develops a reversible po-
larization along the c axis (3 axis). Figure | shows the
primitive unit cell viewed along the ¢ axis. The chemical
formula can be thought of as (Ba, _ Sr,)s(NbOy) g since
there are ten niobium octahedra in this unit cell and the Ba
and Sr atoms randomly occupy the two a and four 8 po-
sitions.* However, there are six such positions and only
five Ba + Sr atoms; thus the structure automatically has
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defects. The small, four ¥ sites tend to be occupied only by
smaller ions (such as Li). In fact, none of the tungsten
bronze ferroelectrics actually are ordered compounds.’
they all have defect structures.$

iil. THEORETICAL CONSIDERATIONS
A. Thermal expansion

In the tungsten bronze type crystals, the prototype
point symmetry is 4/mmm so that the thermal expansion is
anisotropic with components x, along the fourfold axis and
x, in the perpendicular plane. The ferroelectric point sym-
metry is 4 mm and the very high dielectric anisotropy at
T. shows that fluctuations are confined to the fourfold axis
(i.e., the ferroelectricity is uniaxial). For these cases, the
polarization fluctuation induced strains will be given by

xy= Ac/co = QP (1)

x| = Aa/ay = QuyP}, (2.

where Q, the electrostrictive coefficient, is a fourth ranl
tensor written in contracted notation.

8. Optical refractive index

In the bronze family, there is a standing birefringenc
in the uniaxial tetragonal prototype (i.e., ny7=n;) and
birefringence Any,. Since all polarization occurs along th
ferroelectric (c, or 3) axis, then in contracted notation, w
have, for the indices of refraction,

Any = — g3 (n]) P2, Q2
Amy = - 81)("?)3;1;/2' (4

where n° is the index of refraction if there were no pola
ization of any sort present, whether along the ¢ axis (n3) ¢
perpendicular to it (n}) and g, are the quadratic electr
optic constants. The change of optical birefningen
5(Any,) will be given by (for ng = n‘,’ = ng):
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FIG. 1. A unit cell of the tetragonal tungsten bronze structure.

8(Any) = — ind(gs; —gIJ)FJ' &)

IV. EXPERIMENTAL TECHNIQUE

The reversible polarization, P, was obtained by the
integration of the pyroelectric current versus temperature
measured by a method developed by Byer and Roundy.’
The poled single-crystal sample was heated in an air oven
with automatic heating rate control. The pyroelectric cur-
rent was measured by a picoammeter.

Thermal expansion measurements were carried out
from room temperature to about 500 °C by using a high
sensitivity linear variable differential transformer (LVDT)
dilatometer. Heating/cooling rate of 0.5 °C/min was cho-
sen and regulated by a microprocessor based temperature
controlier. Single-crystal rods cut with length parallel to
either ¢ or a axis were mounted inside a fused silica holder
which is set upright in a vertical furnace, and the thermal
expansion or contraction was recorded on an X-Y re-
corder.

The indices of refraction parallel to P,(n;) and perpen-
dicular to P,(n,) were measured by the minimum devia-
tion technique.® Oriented single-crystal prisms were used
in an oven in conjunction with various lasers as light
sources.

The birefringence, Any;, was also directly measured.
An a-cut plate was polished into a wedge shape with a
known wedge angle (5°-7°). An,, was measured using a
polarizing microscope with a hot stage and the sodium D
lines as a light source (A = 589.3 nm). The birefringence
was determined by

any, = A/d sin 6, (6)

where 6 is the wedge angle, and d is the separation between
the interference fringes resulting from the varying thick-
ness of the wedge.
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T_A’BLE 1. Values of the Q and g coefficients used for calculapon of
P

Electrostrictive constant (m*/C%) O = -071 x 10-?

Oy =3x10"?

Quadratic electro-optic coefficient (m*/C%) (85 — 81y) = 0.068

V. RESULTS AND DISCUSSION

Room-temperature values of several physical constants
derived experimentally and used for the calculations of
(P%)'/? are summarized in Table .

Figure 2(a) shows the indices of refraction both par-
allel and perpendicular to the tetragonal ¢ axis of single-
crystal BSN25. As can be seen, the changes in n; are con-
siderably larger than those perpendicular to the tetragonal
axis (n,). Continuous change in values of both n, and n,
rather than a classical soft mode behavior can be seen.

Figure 2(b) shows birefringence, Anj,, as a function of
temperature for the same BSN25 single crystal. As is evi-
dent from Fig. 2(b), An;; decreases with temperature, goes
through zero for A = 589.3 nm at a temperature well above
T, and the crystal changes from optically positive to neg-
ative.
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FIG. 2. (a) The measured », and n, for BSN2$ single crystal at 632.8 nm
(b) Optical birefringence Any, for 8 BSN2$ at 589.3 nm. The results for
heating and cooling overlap.
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FIG. 3. Thermal strain for BSN25 along the g axis.

Figure 3 shows the thermal strain data, x, = Aa/q,
measured by LVDT for a BSN2S5 single crystal. Using an
extrapolation of the high-temperature curve, it is possible
to calculate the arrest of the change which is due to the
onset of (P?)'/%. As can be seen from Fig. 3, the deviation
from the linear high-temperature behavior occurs at a tem-
perature (~ 360 °C) approaimately.

Temperature dependence of the pyroelectric coefficient
p and the integrated reversible polarization P, of single-
crystal BSN25 are plotted in Fig. 4. BSN25 is a typical
relaxor-type ferroelectric in which a ferroelectric-
paraelectric phase transition is frequency dependent.’

The Q and g coefficients for BSN25 have not been
measured. However, those for BSN40 have been mea-
sured'®!! (Table I) and they have been used for deducing
the data of BSN25 (and for BSKNN, discussed later). Due
to the similarity of these matenials, this should cause little
error. Then, using these Q and g values (Table I), Fig. 5

summarizes the value of (P?)"?, obtained from indepen-

dent measurements. That is, P, or (P})'/? is obtained from
the ny, ny, Any,, and Aa/a experimental results, using the
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FIG. 4. Temperature dependence of the pyroelectric coeflicient p and
reversible spontaneous polanization P, for s BSN23 single crystal.
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corresponding equations (1) through (5). Also plotted is
the reversible polarization data P, from Fig. 4. It is evident
that the polarization calculated from the (P})"? is larger
than P, and extends several hundred degrees above 7.
However, note that below T, both P, and P, appear to
merge.

It has been known’ that the ferroelectric-paraelectric
phase transition becomes more diffuse when the Sr:Ba ratio
increases. Figure 6 shows the results' of similar measure-
ments performed on BSN40. BSN25 shows more pro-

nounced relaxor behavior for which the (P})'/? decays
slowly with temperature compared to BSN40. Neverthe-
less, both BSN40 and BSN25 show similar T, value, even
though there are differences in their compositions.
It has been reported that T, of (PLZT)
(Pb,_ La,(Zr,Ti;_,);_,40,] is approximately equal to
T, of PZT® and T, of Pb(Ti, _ ,Sn,)0, is found'? to be
equal to T, of PbTiO;. In BSN crystals, there is no end
member from which an estimate of T4 can be made. How-
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FIG. 7. (a) The indices of refraction both parallel and perpendicular to the tetragonal ¢ axis at 4 = 632.8 nm; (b) the thermal strain Aa/a measured
by LVDT dilatometry method; (c) the temperature dependence of the pyroelectric coefficient p and the integrated reversible spontaneous polarization

P: and (d) a summary of the values of ()" obtained from a, (in solid circles), Any, (in solid triangles), and Aa/a (in open rectangles) of a single

crystal BSKNN(1). P, is also shown.

ever, a T, that is approximately compositional insensitive
does seems to exist in this system.

We have carried out similar studies on related
“stuffed” tungsten bronze crystals with the formula
(Baz - ,Sl'x)z(K| —,Nay)Z(NbOJ)IO or BSKNN as well as
rare-earth doped BSKNN. These stuffed tungsten bronzes
have six atoms for the six a + B sites (Fig. 1). However,
since the various atoms occupy both the a and # sites, the
fundamental randomness in this structure is maintained.
We have measured two such stuffed crystals with the for-
mulas, abbreviations, and T, values listed here:

Ba, (51, KNa(NbO;),c BSKNN(1) T.=175°C
Ba,SrK, sNags(NbO;) ;o BSKNN(2) T.=220°C.

Figure 7(a) shows the indices of refraction both par-
allel and perpendicular to the tetragonal ¢ axis of single-
crystal BSKNN(1) for A = 632.8 nm. Figure 7(b) shows
the thermal strain Aa/a measured by LVDT for
BSKNN( 1) single crystal. The temperature dependence of
the pyroelectric coefficient p and the reversible spontane-
ous polarization P, of single crystal BSKNN(1) are plotted

in Fig. 7(c). A summary of the (P})'"?, or P, results for
BSKNN(1) are shown in Fig. 7(d). Similar to the results
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for BSN (Figs. 5 and 6), for BSKNN(1) P, obtained from
the index and strain measurements extended to 7y
~ 350-400 °C. This T4 value is several hundred degrees
above the ferroelectric T, ( =175 *C) indicating glassy po-
larization behavior over this range. This 7, value is similar
to those found for the BSN25 and BSN40 crystals (Figs. 5
and 6). Also note that below T, P, is approximately equal
to the reversible polarization P, indicating a common ori-
gin of both of these properties.

Figure 8 shows plots of (P3)'/? (determined from bi-
refringence data) versus the temperature for several related
BSKNN compositions, as indicated. BSKNN(2) shows a
sharper drop of the P, at the T, while BSKNN(1) shows
a slow decay of it. Although T, for BSKNN(1) and
BSKNN:Nd are 175 and 145 °C, respectively, their T, val-
ues are almost the same.

The results reported here for BSN2S, and several
BSKNN materials, are similar to those found earlier' for
BSN40. It appears that a local nonreversible polarization
P, starts to become observable below a dipole temperature
T,. The latter is several hundred degrees above the ferro-
electric transitions. Related measurements have been re-
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(:oortedlJ in the tungsten bronze ferroelectric system
Kle’4( NbO;) 10

The optic index of refraction (An) and the strain (Ax)
measurements yield similar P, and T, results. Experimen-
tally, the optic index of refraction results are totally inde-
pendent of strain measurements, each being interpreted by
different coefficients (Table I). Thus, the qualitative and
quantitative agreement [Figs. 5, 6, and 7(d)] for P, and
T, in the ferroelectric systems measured here gives strong
support to the interpretation that local, randomly orten-
tated (along the *c axis) polarization exists in these crys-
tals far above T .. Similar agreement was found previously.'
We note, however, that the agreement of the &n and Ax
measurements results from general symmetry consider-
ations and not from any detailed microscopic model. The
fact that we expect An « P? and Ax « P comes from the
expectation that the high-temperature phase can be treated
as centrosymmetric and any polarization (local or macro-
scopic) can be treated as an expansion about £ =0. Thus,
the first term in an expansion will be a P term.

Discussion of these and similar results in related ma-
terials has been reviewed.? Basically the effects have been
discussed in terms of two microscopic models. Smoien-
skii'* has emphasized compositional fluctuations with a di-
mension ~ | gm in order to understand these materials.
On the other hand, Burns er al.>'*'’ have emphasized
compositional fluctuations on the scale of the dimension of
a unit cell, and using these ideas, some of these types of
results can be significantly understood with fluctuations on
this (~4 A) scale.'*'s Work by Setter and Cross'®'” sup-
port the small-scale fluctuations idea. They'®"? studied
Pb(Sc;,;Ta,2)0; and varied the degree of order on the B
site (Sc** and Ta®*) to obtain sharp or diffuse phase
transitions by annealing and quenching the crystals. Since
in their work the B site ions would be expected to diffusc a
distance of only one or two unit cells, their results support
the ideas of Burns ez al.

It was suggested that dynamic polarization fluctua-
tions in normal nonglassy uniaxial ferroelectrics will exist
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above T, as & general property.'* One can therefore, expect
some perturbations to properties related to P term. How-
ever, here we are considering a somewhat complicated sit-
uation as, for this type of glassy polarization fuctuation
that is the implication of local chemical inhomogeneity, the
correlated effective-field theory of ferroelectricity from
which the nonglassy type polarization fluctuations are de-
termined does not apply to the system as a whole. In tung-
sten bronze BSN solid solution family as addressed earlier,
the chemical composition is homogeneous locally that al-
lows the local symmetry to be lower than the global sym-
metry and prevents the establishment of short range cor-
relations in chains along the incipient polar axis beyond the
dimension of the local area. Sizes of these polar focal re-
gions are such that the orientations of the polarization are
thermally reversible,'” analogous to superparamagne-
tism."” The polarization fluctuation depends on the local
polar isiand dimension distribution and hence is found
prominent in broad temperature region well above the av-
erage Curie temperature, T For T approaches to T, a
polarization vector dynamic freezing-in model has been
suggested'’ based upon the experimental evidence of the
temperature dependence of the electrostrictive coefficients
Q)3 and Q;; measured on BSN60,” as both Qyy and Q; are
markedly temperature dependent and approach zero near
;, while Q,, is essentially independent of temperature to
-

To summarize, in these materials it appears that a lo-
cal, nonreversible polarization can appear, below a temper-
ature T, that is far above the ferroelectric transition tem-
perature (T.). In the tungsten bronze crystals discussed
here, T, is in the 350-400°C neighborhood and only
weakly depending on the particular composition. The sim-
ilarity of these T, values probably is related to the similar-
ity of the orientation sizes of the NbOg octahedra that play
the fundamental polarization role.
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Microstructure-property relations in tungsten bronze lead barium

niobate, Pb;_Ba;NbyOg
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Transmission electron microscopy (TEM) has been used to explore details of the
structural phase transitions and corresponding microstructural features in the solid
solution of Pb,.,Ba,NbyOg (PBN) tungsten bronze ferroelectrics al compositions
embracing the morphotropic phase boundary between orthorhombic and tetragonal
ferroelectric phases. In addition to the ferroelectric domain structures that were consistent
with the expected symmetries, incommensurate ferroefastic phases were observed. The
“onset” and “lock-in" transition temperatures are a function of the Pb/Ba ratio, and for
lead-rich compositions it appears that the incommensurate distortion may occur above the
ferroelectric Curie temperature in the paraelectric phase.

. INTRODUCTION

The tungsten bronze structure and
phase transitions

The tungsten bronze structure family is probably
the second largest family of known oxygen octahedron
based ferroelectrics.! The structure that has tetragonal
symmetry in the paraelectric phase is defined by corner
linked oxygen octahedra, and the section normal to
the tetragonal ¢ axis is shown in Fig. 1.2 Chemi-
cally, it may be described by a formula of the form
[A1(A2),C;][B1(B2),]O,s, where combinations of larger
monovalent (K*, Na*, Rb*), divalent (Pb?*, Ba®*, Sr?*,
Ca?*), and trivalent (La*?, Eu*3, Gd**) and similar ions
occupy the square and pentagonal shaped tunnels, Al
and A2 sites (Fig. 1). Only very small ions such as Li*
can occupy the small triangular channels, C-sites, and
small but highly charged cations such as Nb**, Ta%*, Ti*,
Zr**, etc. occupy the octahedral Bl and B2 sites. Fre-
quently, in consistence with charge balance, not all sites
are occupied, and the very large variation in cation radii
leads to many complex end member compounds and
innumerable solid solutions, which satisfy the conditions
to support ferroelectric phases.*®

In spite of the immense chemical flexibility in the
tungsten bronze structure systems, only two types of
ferroelectric phases are known. In terms of the point
symmetries the paraelectric prototype form is always in
point group 4/mmm. In the orthorthombic ferroelectric
form the spontancous polarization P, is along one of the
twofold axes (001), (of point group mm2) or (110),
(denoted as point group m2m) where the suffix indicates
that the orientation refers to the original prototypic axial
system (see Fig. 1). In the tetragonal ferroelectric form
the symmetry is 4mm and two domain states have P,
oriented along [001] p and [001] p. Both orientation states
are fully consistent with the group theoretical prediction
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of Aizu and Shuvalov.®’ The tetragonal states exhibit
only 180° domain walls, while in the orthorhombic
ferroelectric states both 180° and 90° walls occur.

In 1981, Schaneck er al. reported incommensurate
satellite reflections in the tungsten bronzes Ba,NaNb<O,;
(BNN) and Sr;KNbsO;s (SKN).5'' At present many
crystals are known to have incommensurate phases.
These incommensurate phases are periodic but their
periodicity is not fixed by a three-dimensional lattice.

1010,
tnol,
(1001,
11001,
01101,
c:,nuuogvephich Numberof [ Number of
Site Coordinclions] Positions
.
W Al 12 4
O A2 18 2
@ 81 6 2
@ B2 s s
A c 9 )

FIG | The generalized crystaliographic structure of tungsten bronze
componitions with the indicated A, B, snd C sites.

C 1991 Materials Research Society




C. A Ranocal e! a/ Mccros!rudul&pfooony relatons in tungsten bronze lead danym nobate

Incommensurate periodicity can be due to a number
of different phenomena such as atomic displacements
or occupancy of cations or anions.!'! The origin of
incommensurability in the tungsten bronze family is pre-
sumably associated with the displacive structural change
owing to ferroelastic octahedral tilting.'%-'8
Many of the displacive incommensurate struc-

tures ‘lock-in’ to low temperature commensurate
superstructures.'*!? The degree of incommensurability,
4. reduces 1o zero at the lock-in transition temperature.
The incommensurability parameter, 8, is defined as
the ratio of the difference between the distance of
two adjacent superlattice reflections (x — y) parallel
to (100), divided by the total distance between those
points (x + y).

Ir-y

T+y

(1)

Thus at lock-in there is an equal and rational spacing be-
tween these superiattice reflections and matrix reflections
giving 6§ = 0. Corresponding microstructural changes
also take place in the crystals close to the lock-in transi-
tion; commensurate domains within the crystal begin to
grow. These commensurate domains can be out-of-phase
with each other, and at a place where two domains join,
‘a wall known as a discommensuration may be formed.
The discommensuration density, D, is inversely related
to the magnitude of the incommensurability parameter,
8, ie, as § — 0, D — 0.2 However, there are
some exceptions to this behavior where the incommen-
surability locks-in to a so-called ‘quasi-commensurate’
state, and the tungsten bronze family appears 10 be of
this type. In the case of the tungsten bronzes BNN,
SKN, and SBN [(Sr, Ba)Nb,0Og). incommensurability
reduces to about 6 =~ 1% but does aot go to zero; a
quasi-commensurate structure exists along with a low
density of discommensurations. Reasons for this are still
not clear, but point defect pinning the motion of the
discommensuration walls during growth is a popular
suggestion."*

The majority of the detailed wotk on the incommen-
surate tungsten bronze phases has been on Ba;NaNb;O,
(BNN).'1517.18 The suggested sequences of phase tran-
sitions in this crystal are summarized in Table I.

Table | shows a generalized summary of much
of the work on BNN, but many uncertainties remain.
There is, however, agreement that two incommensurate
phases exist, namely 1q and 2¢. The 1q phase is an
orthorhombic phase with a modulation existing along
a single direction, whereas the 2g phase corresponds
to a tetragonal symmetry and there exist modulations
in two perpendicular directions. These 1g and 2¢
phases are well illustrated in a study on BNN by Barre
et al.'® The 1q phase is stable over 2g for the lower
temperatures in the incommensurate phase range. The 2q

TABLE 1. Phase transitions in BNN.

Paraelectric
4)mmm
Paraelastic
+580°C
Paraelastic
4mm
Ferroelectric
+300 °C
Fertoelectric 4+ mixed incommensusate fetroelastic
phases 1g and 29
. +250 *C

Quasi-commensurate fecroelastic
Ferroelectric (mm2)
Other phases reported’®

phase is more stable at the higher temperatures. At the
lock-in temperature, T; = 250 °C, there is a reduction
of the incommensurability parameter, &, to develop a
quasi-commensurate low temperature state. The lower
temperature phases are not fully understood at this time
and are still topics of debate.'®

The Pb;..Ba.Nb;Og tungsten bronze compoasi-
tions studied here are of special interest owing to their
potential application in a bistable optical switching de-
vice. The ferroelectric phases are tetragonal (dmm) or
orthorhombic (m2m), depending on the composition.'%-*°
As can be observed from the phase diagram,*! Fig. 2.
the Ba-rich side is tetragonal and the Pb-rich side is
orthorhombic. These two phases meet at a morphotropic
phase boundary close to PBN: 1 — z = 0.63. Thi:
morphotropic phase boundary is curved, allowing a firs
order tetragonal — orthorhombic phase transition t«
occur for a few restricted compositions close 10 thi
boundary. [n these crystals the phase change can b

1=X
1 08 06 04 0.2
600 T T R T Y T L |
O Ref. 2 d
o CERAMIC .
It Sco A SINGLE CRYSTAL
< 400 Paraelectric j
w 4/mmm
¢ -l
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E 300 -1
w Ferroelectric | Ferroelectric
3 200 m2m '\ 4mm ]
[
\ d
H J
o | ' 2 l I L 1
0 20 40 60 ec
PBND,O. Mot % of 8¢ BoNd.

FIG. 1. Phase diagram of the tungsten bronze solid solu
1", -, Ba,NbyOg over the range 02 € 1 — x € 1.0.°
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effected either by changing temperature or by applying
an appropriately oriented electric field. Hence, it is
possible to electrically switch an optical indicatrix from
uniaxial to biaxial symmetry.

Until recently these tetragonal and orthorhombic
phases were believed to be the only ferroelectric phases
existing within the tungsten bronze family; however, a
study of dielectric and pyroclectric properties at low
temperatures has shown additional anomalies.>>> These
anomalies, as shown in Fig. 3, arc very reminiscent of
the relaxor anomalies found in many of the complex
lead perovskites such as Pb(Mg,,3Nb;,3)0y.2* These
anomalies were found in the PBN single crystal plates
of the compositions close 10 the morphotropic phase
boundary at temperatures well below the paraelectric
— ferroelectric phase transition. The diclectric constant
measurements were made perpendicular to the polar axis.
The present understanding of these relaxor anomalies
in the PBN are small thermal agitations of the polar
vector about the polar direction, but this still has to be
substantiated. In addition to these transitions we also
have reported the presence of incommensurate phases
within the PBN.!

The aim of this paper is to study and classify the
various domain microstructures existing in the PBN
tungsten bronze system. The incommensurate ferro-
clastic phases are described and are found to vary
with composition and temperature. The microstructural
and crystallographic features of these ferroic phases
within the PBN are related to macroscopic anomalies
in dielectric and optical properties.

Il. EXPERIMENTAL PROCEDURE®

Ceramic specimens were prepared from high purity
chemicals using conventional techniques of milling, pre-
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FIG. 3. Typical low temperature anomaly in the dielectric constant
perpendicular 1o the pefar direction in PBN single crystals with com-
positions close 1o the morphotropic phase boundary (1 — £ = 0.57).
Note the strong frequency dependence in diclectric permittivity
and loss.
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firing, crushing, pressing, and firing. The specimens were
prepared in the form of disks ~10 mm in diamcter and
~1.2 mm thick. The final sintering times and 1emper-
atures, which depended on composition, were between
1280 °C and 1320 °C for 1 to 6 h. To compensate for
PbO loss during the calcination, 3 wt. % of excess PbO
was added. Well-reacted PBN ceramics with 94-99¢
theoretical density and 3 to 6 um grain size were pro-
duced. The composition chosen for TEM study was
Pb;_,Ba,Nb,0¢, where (1 — z) = (0.75, 0.65, 0.61.
0.60, and 0.25).

Single crystal specimens were prepared by the
Czochralski growth technique. Stanting from high purity
chemicals, the charge was heated in a Pt crucible by RF
induction up to the melting temperature. Each crystal
was then withdrawn at a rate of 1 to 2 mm/h along with
constant rotation of the crucible and the crystal bouies.
The crystal was slowly cooled to room temperature in a
time period of 48 h. Single crystals several millimeters
in size and of optical quality were achieved even though
some cracking of the boule occurred during the cooling
procedure, probably when the crystal passed through the
paraelectric to ferroelectric phase transition.

TEM thin sections were prepared by grinding and
polishing to ~50 um and then ion-beam thinning of
the samples after being mounted on 3 mm copper grids.
Transmission electron microscopy was performed on a
Philips 420 STEM, and a double-tilt liquid nitrogen cold
stage made by Gatan was used for low temperature
analysis, ~168 °C < T < 80 °C.

il. RESULTS

The tetragonal ferroelectric Pbg 3sBag 35Nb, 0 (PBN:
I — r = 0.25) was studied at room temperature to liquid
nitrogen temperatures. Typical 180° or inversion domain
boundaries are observed with dark-field imaging of the
diffraction vector, g = (001)p, as seen in Figs. 4(a) and
4(b). The contrast of the 180° tegions in neighboring
domains is the result of the noncentrosymmetric nature
of the crystals. The diffraction intensities of hk! and Rkl
are not equal, and hence there is a contrast difference.”

The orthothombic phase (m2m) compositions
Pb, . rBarNb;O, (PBN: 1 — 1 = 0.65 and 0.75) were
studied. The orthorhombic symmetry is the result of
Nb-O displacements in the (110),//(010), directions.
This gives rise to 90° twin ferroelectric domains on
{100} o//{110}, habit planes and also 180° domains
with no fixed habit plane. Selected area diffraction of the
90° twin domains shows electron spot splitting paraliel
to the diffraction vector g = (110)y, as observed in the
inset of Fig. 5(b). Also, a-fringe contrast is observed
in Fig. 5(b), marked “a”, and these correspond to an
inclined 180° domain wall.®

Compositions of PBN near the morphotropic phase
boundary were also chosen for study with PBN:

J. Mater. Res., Vol. 8, No. 8, Aug 1991
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domains in PBN (1 ~ z = 0.23) at room temperature.

1-xr = 061 and 0.60. For the compositions
studied here, PBN: 1 - r = 0.60, the ferroelectric
is on the tetragonal side of the phase boundary
and 180° domains are observed; see Ytig. 6(a). The
fine-scale texture of a discommensuration structure
is also observed in the background; this will be
discussed in morte detail below. Cooling this sample to
liguid nitrogen did not induce the orthothombic {erro-
electric phase, so we assume the morphotropic phase
boundary does not cross this composition. Changes 1n
Ph-stoichiometry (owing to high volatility) under the
electron beam and during thin foil preparation may also
be a problem and hence could explain why the tetragonal
— orthorhombic phase transition was not observed. This
is especially true when subtle changes in composition
strongly affect the nature of the phase transition, as is
the case near the morphotropic phase boundary.

FIG. 4. (a.b) Dark-field micrograph using g = (100),, revealing 180°

FIG. 5. (a.b) Electron micrographs of orthorhombic PBN: | - r =
0.75 and 0.65, respectively. Both show a complex configuration of
ferroelectric 180° and 90° domains. Figure (b) has an inset that reveals
spot splitting perpendicular to the 90° twin walls and also an a-fringe
matked “a". The a-fringe is an inclined 180° domain wall.

Comparisons of the selected area electron diffrac-
tion patterns in (001), orientation show the presence
of a set of commensurate superlattice reflections
(h+1/2.k +1/2,0),. However, the relative strength
of this superlattice varies with composition. The PBN:
I -x = 0.75, orthorhombic crystals/grains have a
strong (h + 1/2,k +1/2,0), superlattice, Fig. 7(a)
But, the more Ba-rich composition PBN: 1 - =
0.25 does not. Figure 7{b) shows{001) zone axi
electron diffraction patterns at room temperature fo
PBN: 1 — z = 0.25 for comparison; the supetlattict
is weak and diffuse even at the lower lemperatures
The {h +1/2,k +1/2,0}, superlattice has also bee:
observed by Bursill and Peng in tungsten bronz

J. Mater. Res., Voi. 6, No. 8. Aug 1991 172
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FIG. 8. Comparisos of PBN (110) electron diffraction pauems at room temperature. PBN: | — 1 = (a) 0.25, (b} 0.60, and (c) 0.75, respecu

discommensurate microstructure is shown in Fig. 9(a),
and is similar to discommensurate structures in the
mixed 2q and 1q phase, as observed by Barre er al., in
BNN.P The discommensurate microstructures in PBN
compositions change easily close to the morphotropic
phase boundary. It is easy to switch to a finely textured
discommensurate microstructure during the electron
microscopic observations, as seen in Fig. 6(b). This

ferroelastic switching is obtained by local heatiny
the electron beam that gives rise to strain grads
owing to thermal expansion. These strain grad
are believed to be strong enough to switch the f
elastic domains. Figures 6(a) and 6(b) show f
aligned discommensurate structures co-existing

180”7 ferroclectric domains. The aligned discomme
rates are parallel 10 the diffraction vector g = (!
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(b)
HIG % day Koom temperature discommensauration structure of single
crvstal PRN | r = ©£6], (h) shows the dark -held Jitfraction

condinon and also esidence of stresking of the mcommensurate
supertatice reflections (see inset)

or (100),. The diffuse streaking afong (100)., 1n the
diffraction pattern Fig 9(b) 15 thought to be related to
thie tine textured discomenensurates, asat 1s perpendicular
to thear habit and observed anly when they are present.

Ketrnmne to Fue 100 a number of unpuctant teatures
dre o be noted The discommensurate structures ate
Ahyred paratich o (0105 Also, the dr.commensutations
are continuous across Y07 and 1807 domans. s un-
phies 1o us that the lock-an’ icommensuiate ransition
was andependent of the ferroelectric transsion This
complex domamn conhigura.on and phase mixing can
be possible only by the lock-in transition occurning an
the paraclectnic phase, which 1s not the case with other
tungsten bronze phases. Alsa. from the discommensurate
contigurations a phase shati of - 2an the modulanion can
be dertermimed by the tourfold node lines, tms s sumidar
to findmgs i BNN and 2H TaSe; ™
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YIG 10 (a) Discommensuration and ferroeiectne muocrontnn o,
PBN 1 - 4 - 075 Dote that the duwvommensuration microniy
are independent of the ferroetectnie dumains, (b shows dincor
sufation node siructure

V. DISCUSSION

The PBN solid-solution shows g complex
g of terroelecine and ncommensurate
phase domgms

terroe
che mcommensutate phase and
electnic phases are sensitive to composition Int
mcommensurate parameters, &, are  foumd  at
temperature along with ditferent discommensu
structures and densities

One of the most surpnisaing results dedaced co
the lock g transiion an the orthothombie PHN o
sions. With the discommensurate structures sh
continuity through the terroelectne T8O and W07 g
sttuciures. one has to conclude the Quasi-commet
fock i occarred betore the paraclecine -« ferrov
tansimon This s not the case with the prey
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studied SBN and BNN tungsten bronzes, which have
the sequence of transitions found in Table 1.

To confirm our conclusions about the departure
from the previous trends of phase sequences known in
tungsten bronze, we made an additional study on the
temperature dependence of the birefringence in PBN
single crystals.”® Figure 11 shows the transmitied in-
tensity variation as a function of temperature during a
cooling run for PBN: 1 — z = 0.65 of orthorhombic
symmetry. Besides a first-order-like phase transition
(at ~213 °C during a cooling run) that corresponds
to the ferroelectric orthorhombic m2m to tetragonal
paraelectric 4/mmm phase transition, a conlinuous or
rather smooth but unambiguous phase transition can
be detected at temperatures near 322 °C during both
cooling and heating runs. No prominent dielectric anom-
aly other than a small kink has been observed in this
temperature region. We thus suggest that this anomaly is
the incommensurate transition as inferred by the TEM
domain microstructural observations. As we know that
incommensurate phase transition is always a second
order,’ it is not surprising to us that the birefringence,
being a polar second rank tensor property, is more
sensitive 1o the onset of incommensurate modulations
than other techniques such as dielectric measurements.
Further results regarding the optical studies will be
found in later papers.}' For the Ba-rich compositions
the incommensurate lock-in phase transition is below
the paraelectric-ferroelectric transition and corresponds
more closely to the phase sequences in BNN and SBN
tungsten bronzes.

The dielectric and x-ray characterization of the PBN
agrees well with the TEM observations, as reported
carlier.?'232 However, no evidence was found for do-
mains/polar regions being associated with the low tem-
perature relaxor-like anomalies close to the morphotropic
phase boundary. The reason for this is probably that
lower temperature observations would be required to
climinate electron heam heating contributions from ther-
mal excitations, preventing a freezing-in of the domains.

V. CONCLUSIONS

Solid solutions of tungstcn bronze lead barium
niobate, Pb, _.Ba,Nb,Og, have been studied by TEM
" techniques. Ferroelectric 180° domains have been
characterized in the tetragonal part of the phase diagram.

TABLE 11. Phase sequences in tungsten bronze BNN and SBN.

——

(4/mmm) (4mm) (mm2)
Paraelastic Paraelastic Fesroelastic
Paraelectric Ferroelectric Fertoelectric

e

zus;o~c 4 T
il i
;' 'Iul" i
i A
: AN
- I \ ' \: .
*aNes [ .
Coolies | L N 322 3¢ ;.
194 2.8 293 3473

Toemporature (°C)

FIG. 11. Transmitied inte ncity 1-corded as a function of te;
in 3 cooling run for PBM = 0.65 sinc'- -rystal #
the birefringence. The light (A = 633 nm) pro;  -ted pey;
to both the {010], and the [001], directions.

With the orthorhombic compositions 90°-tw
180° inversion ferroelectric domains were ol
A ferroelastic incommensurate phase is found
throughout the phase diagram. The degree of
mensurability varies with temper.:*:ire and comy
Discommensuration structures arc observed an
phase modulation i deduced from the micn
From the combined TEM and birefringenc
of PBN it is suggested that the quasi-comm
‘lock-in” transition occurs within the par:
phase in compositions (1 — z) > 0.63, mal
orthorhombic PBN different from previous ferr
incommensurate behavior in the tungsten bronze
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PYROELECTRIC PROPERTIES OF LEAD BARIUM
NIOBATE SINGLE CRYSTALS
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The temperature dependence of the pyroelectric coeflicients of lead barium niobate Pb,_,Ba,Nb,O,
(PBN) single crystals were investigated using the Byer-Roundy technique. Pyroelectric coelficients were
found 1o be enhanced in single crystals of the near-morphotropic phase boundary (MPB) compositions.
High pyrociectric coefficients (336 nC/m*-K, 1 ~ x = 0.684) and switchable polarization vectors between
the two perpendicular crystallographic directions (f001] and {110]) in crystai of near-morphotropic phase
houndary composition (I ~ x = 1.615) were found to be of interest for pyroelectric device applications.

INTRODUCTION

A most interesting solid solution in the family of tungsten bronze ferroelectrics is
that between PbNb,O, and a hypothctical end member BaNb,O,, namely, lead
barium niobate, Pb, _,Ba,Nb.O, (PBN[]1 ~ x]|%)."-7 Ferroelectric PBN has re-
cently regained its intriguing importance because it is a lead-containing tungsten
bronze type ferroelectric relaxor with a morphoatropic phase boundary (MPB) and
has potential in electrooptic applications. The morphotropic phase boundary in
this solid solution system separates a tetragonal ferroelectric phase 4mm (with
polarization vector along (001)) and an orthorthombic ferroelectric phase m2m
(with polarization vector along (110)) 3 Since there is no coupling between the
fourfold (J001]) and the twofold ((100) or (110)) axes in the prototype 4/mmm
tetragonal symmetry, the two polarization modes adjacent to the morphotropic
phase boundary are unrelated and have separate Curie-Weiss temperatures as well
as distinct ferroelectric characteristics. Large dielectric,® piezoelectric,’ and py-
roelectric (in polycrystalline samples by Lane er al.)! properties of PBN compo-
sitions were repoarted and enhanced properties in near the MPB compositions were
expected.

The earlier research (before 1980s) on PBN were based on measurements on
the polycrystalline ceramic form, primarily due to the lack of single crystals. 1t was
reported that pyroelectric coefficient p showed sharp maxima at compositions close
to the morphotropic phase boundary' with p = 270 pC/m?-K (measured by ra-
diation heating method) for Pb, (Ba, JNb,O ceramic sample. Pyroelectric coeffi-
cients of PBN single crystals of several compositions were also reported”; however,
the pyroelectric properties in relation to the MPB and the crystaltographic phase
transition have not yet been studied.

A comprehensive investigation of the phase relations and the polarization mech-
anisms of PBN solid solution in the near morphotropic phase boundary composi-
tions has been carried out by this group.!' It was discovered that close to the

(L
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morphotropic phase boundary in a Pb-rich compusition (1 — x = 0.615) the sample
actually goes through a phase transition (at T ~ 125°C via heating) {rom the
ferroclectric orthorhombic phase to the ferroelectric tetragonal phase during which
the polarization axis switches from the (110) direction to the c-axis. A PBN phase
diagram is shown in Figure [ in which a curved morphotropic phase boundary into
the Ba-rich side is indicated.'" It was also demonstrated optically that such mor-
photropic phase transition can be induced electrically.'? This behavior of the sample
should be studied in view of its pyroclectric properties to further understandings
of the polarization mechanisms and the potential applications of the PBN single
crystals.

In the present paper the results of pyroelectric property study will be reported
and interpreted in relation to the crystallographic structure and phase transitions
of the PBN solid solution system. High remanent polarization and pyroelectric
cocfficients in compositions near the MPB were found to be particularly intersting
for pyroelectric device applications.

SPECIMEN PREPARATION

Single crystal specimens used for this investigation were preparcd by the Czochralski
pulling technigue. Starting from high purity chemicals, the charge was heated in a
Pt crucible by RF induction heating to the melting temperature. Crystal was with-
drawn at a rate of 1 to 2 mm/hour along with rotations of crucible (at —5 rpm)
and the crystal boule (at 10 ~ 15 rpm). Alter the growth run was completed, the
crystal was slowly cooled to room temperature in 48 hours. Transparent single
crystals of the size of several millimeters ol optical quality were thus obtained cven
though some cracking problems occurred during the slow cooling probably when
the crystal passed through the paraclectric to ferroelectric phase transition. After
anncaling at 550°C for 5 hours, crystals were cleaned in acetonc and then sputtered
with Au electrodes on both faces for pyroelectric measurements.

1-x
1 08 08 04 0.2
GOG T L T T T T N 2
0 Ref. L
800 © CERAMIC -
8 4 SINGLE CRYSTAL |
= Paraelectric B
w oo 4/mmm
2 -
3 300
w Ferroelectric | Ferroelectric |
% 200 m2m \ 4mm i
[
100 * e
[ ] -4
0 M| 1 L M | 1
o] 20 40 60 80
PbNDLOg Mot % of Bo 80Nd, Oy

FIGURLE | Phase disecam of Pb,  Ba Nh,O, solid solution system with the phase transition tem-
peratures marked as they would appear during heating. The reference in the figure refers to Subbarao
et al. (1960), Relcrence 7.
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The composition quoted in the text, 1ables, and figures as PBN[(1 - x)%] where
(} = x)% is the mole percent of PbNb,O,, in Pb, _,Ba,Nb,O, composition, refers
to the post-growth analytical composition as determined by electron microprobe
analysis. The crystal orientations used in this paper are based on the prototype
tetragonal 4/mmm symmetry unless otherwise specified.

MEASUREMENT TECHNIQUES AND PROCEDURE

A method developed by Byer and Roundy!* for measuring pyroelectric coefficients
was used in this work. Essentially, a prepoled or on-site poled specimen was
mounted inside a specially designed sample holder in an air oven and short circuited
during the measurement. The pyroclectric current I was measured using a high
sensitivity (10-2 pA) picoammeter (model 4140B, Hewlett-Packard, Palo Aho,
Ca.). The heating rate dT/dt was carefully programmed and controlied by computer
interfacing to maintain constant (usually 2 to 4°C/min) while liguid nitrogen gas
was used as cooling media.

The pyroclectric cocfficicnt p was calculated from the pyroclectric current using
the following equation:

p(T) = {C/m*-K)

1
A(dTldr)
where A is the electrode area and d77d is the rate of heating. The polarization can
be calculated by integrating the pyroelectric current:

1
A(dTldr)

In this study. all specimens were poled inside the sample holder before mea-
surement. The poled sample was short circuited at the starting temperature of the
measurement for at least 10 minutes 10 eliminate surface charges. In the case of
the highest temperature measured being lower than the phase transition temper-
ature, AP rather than P was obtained.

P= j pdT = J 1dT(Cim?)

RESULTS AND DISCUSSION

For lerroclectric tetragonal single crystal PBN34, the polar vector is parallel to the
[001] direction, thercfore large pyroclectric coefficicnt was observed in the [001]-
cul crystals as shown in Figure 2. For ferroclectric orthorhombic single crystal
PBNG8Y.4, as evinced in Figure 3, the spontaneous polarization is parallel to the
[110} direction therefore pyroelectric measurement on the [010] direction yielded
large pyroelectric coefficient. As of the single crystal PBN61.5, it has orthorhombic
symmetry at room temperature with polar vector parallel to the {110] direction and
tetragonal symmetry at temperatures higher than ~125°C with the polarization
along the [001] direction, therefore measurements on two principle directions can
give a general picture of the polarization sense in the matcrial. Mcasured along
the |010] direction, Figure 4, the spontaneous polarization first went through a
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FIGURE2 Change of the spontaneous polarization and the pyroelectric coefficient versus temperaturc
for tetragonal PBN34.
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FIGURE3 Change of the spontancous polarization and the pyroclectric coefficient versus temperature
for orthorhombic PBN68.4.

sharp depoling at the orthorhombic-tetragonal phase transition (the total amount
of charge released at this phase transition corresponded to the strength of the
orthorhombic polar vector and was of the magnitude of 18 wC/cm?) and then became
relatively constant, decreasing slowly with temperature. Measured along the [001]
direction for the same crystal PBN61.5, as shown in Figure 5, polarization started
to build up at the temperature above the orthorhombic-tetragonal phase transition,
along with the sign change of the pyroelectric coefficient. Figures 4 and 5 dem-
onstrated the polarization characteristics in this material at compositions close to
the morphotropic phase boundary.
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FIGURE S Change of the spontancaus polarization and the pyroelectric coefficient versus temperature
far the MPB composition PBN61.5 measured parallel to the |001) disection.

The pyroelectric coefficients p of PBN single crystals of different compositions
at room temperature (20°C) obtained using Byer-Roundy method are summarized
in Table 1 (signs of the pyroelectric coefficients are omitted in the Table). The p
values obtained for single crystal samples are substantially higher than those for
ceramic samples from the earlier reports.'®

The decrease of polarization with temperature was also calculated from the
pyroelectric data. However, no absolute values of the spontaneous polarization
are given because the phase transition temperatures are higher than the maximum
temperature attained in the measurements.
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TABLE 1
Pyraclectric cocliicient of PN compositions measurcd using Byer-Roundy method

Pb).,Ba,NbyOg Pyro. Coefficient (at Pyro. Coefficient
N Symmetry , MaximumValue Obtained
Composition 1-x 20°C) (nC/m2-K) 1C/m2-K)
0.34 Tetragonal py=82 p3=221 n 213°C
0.57 Tetragonal p3=134 p3=1250 a1 240°C
0.615 Orthorhombic/Tetragonal py=196 p,=5432 a1 149.8°C
py=142 py=4468 a1 240°C
0.684 orthorhombic py=336 w21 aeC
*Ply 86B2g 1yNb; 9806 Onthorhombic 210

* Results of Shrout et al. (1987), Reference 9.

Pyroelectric coefficients for PBN single crystals in polar directions increase as
the compositions approach to the morphotropic phase boundary. However, the
maximum value of pyroelectric coefficient (336 wC/m?-K) was observed in com-
position close to the MPB but in the orthorhombic side of the phase diagram
(PBNG8B.4) in which the diclectric constant and the piczoelectric coefficient are not
the highest”!! in the solid solution system.

In PBNG1.5, polarization vector switches its direction as the crystal goes through
the morphotropic phase transition. Pyroelectric coefficients in either [001] or [110]
direction can be high at room temperature which is unique among ferroelectric
single crystals and can be very interesting for device applications.

The reasons for the maximized pyroelectric coefficients in the near-morphotropic
phase boundary compositions may be discussed as follows:

The appearance of an MPB can usually be related to the instability of one
ferroelectric phase against another ferroelectric phase upon critical composition
change. 1t is logical to expect that the two phases separatcd by thc MPB are
energetically very similar but differ slightly in composition. 'The mechanical re-
straints to preserve one phase against the other may very well be relaxed. or
softened. because of thie struciniral instability. Hence, many physical properties will
be either greatly enhanced or suppressed in near the morphotropic y-hase boundary
compositions. Remanent polarization P,, for instance, may incrcase due to the
increase in magnitude of dipole displacement arising from the softening of the
structure or the increase in the number of possible polarization directions. Spon-
taneous polarization of a polar state in the tetragonal phase can have two polar
directions ({001} and [001}), and four directions ([110], [110}, [110}. and [110}) in
an orthorhombic phase. In a MPB composition, spontaneous polarization hence
can have total six possible polar states therefore high values of remanent polari-
zation and pyroelectric coefficients. Unlike a ferroelectric-paraelectric phase tran-
sition. in which the phase transition is a function of temperature and the physical
properties such as dielectric constants and the polarization - hange drastically with
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temperature, morphotropic phase transition can take place at temperatures much
lower than the Curie-Weiss temperature and hence moderate dielectric constants
can be preserved through the phase transition over a broad temperature region.
Such a feature is considered very useful particularly in pyroelectric and electrooptic
device applications.

Spontancous polarization and the pyroelectric coefficient in the temperature
range 10K to 300K were also studied using direct charge measurement technique.
Details on low temperature pyroclectric property studies of PBN single crystals
can be found in our earlier publication.™

SUMMARY

Physical properties of the MPB compositions have been reported in many solid
solutions of perovskite structure.'* The morphotropic phase boundary in PBN solid
solution, separating two ferroelectric phases with mutually orthogonal polarization
directions has been found so far only in tungsten bronze solid solution family.
Current studies on temperature dependence of pyroelectric coefficients of PBN
single crystals showed that the pyroelectric property is optimized in PBN crystals
of the near-MPB compositions and large pyroelectric coefficients in either per-
pendicular or parallel to the c-axis can be obtained in PBN61.5 composition. The
MPB PBN compositions are therefore interesting for pyroelectric device applica-
tions.
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